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ABSTRACT 
SPIDER BRAIN MORPHOLOGY & BEHAVIOR 
 
MAY  2016 
 
SKYE MICHELLE LONG, B.A., UNIVERSITY OF SOUTHERN MAINE 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Elizabeth M. Jakob 
Spiders are ideal model animals for experimental and comparative studies of behavior, learning 
and perception. They display many complex behaviors, such as the multimodal mating dances of 
lycosid spiders, the stealthy hunting strategies of the jumping spider Portia sp., to the labile 
sociality of theridiids. Spiders also demonstrate a wide range of cognitive capabilities. Spiders 
perceive their environment using multiple sensory modalities including: chemosensory organs; 
lyriform and slit-sense organs and specialized hairs that detect vibration and air movement; and 
up to eight eyes that vary in function, some able to detect polarization and a broad spectrum of 
light, including ultraviolet.  
 While much is known about the behavior and external morphology of spiders, little is 
known about the spider’s nervous system. Early in the 20th century researchers, such as Saint-
Remy, Hanström and Legendre, began the process of cataloging the variety of form and function 
within the arachnid brain. Unfortunately, these studies were limited by techniques and sample 
quality and much of the information is difficult to access and place into a modern context. In 
modern research the focus on comparative studies of spider brain morphology disappeared and 
was replaced with more focused research on a single species, the wandering spider Cupiennius 
salei. While much has been learned from these studies, C. salei represents only a small fraction 
of the spectrum of behaviors and sensory system morphologies that may be reflected in brain 
ix 
 
morphology. Current advances in techniques and collecting methods, combined with the 
framework of knowledge gained from C. salei allow for meaningful comparative work on spider 
neurobiology.  
 The four chapters of my dissertation explore spider behavior, learning and 
neuromorphology and present two novel protocols for their study. In Chapter 1, I present a 
behavioral study in which I explore the effect of firefly flashing on the predatory behavior of 
spiders. In Chapter 2, I present a novel protocol for aversive learning trials in spiders. In Chapter 
3, I present a novel method for producing whole-head DiI stained spider cephalothorax sections. 
In Chapter 4, I describe the variation in the visual processing pathways in spiders representing 
19 different families.   
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CHAPTER 1 
 
FIREFLY FLASHING AND JUMPING SPIDER PREDATION 
1.1 Introduction 
Fireflies (Coleoptera: Lampyridae) are well-known for bioluminescent signaling, used for 
species recognition and mate choice (reviewed in Lewis & Cratsley 2008). Firefly signals may also 
have important consequences outside of the arena of sexual communication. Bioluminescence 
is not always only a sexual signal. Larval fireflies are also bioluminescent, and adult fireflies flash 
in other contexts besides mating, such as flashing when disturbed during the day (McDermott 
1964, Sivinski 1981, De Cock & Matthysen 1999, reviewed in DeCock 2009). In particular, firefly 
signals are likely to influence interactions with potential predators. Potential predators of larval 
and adult fireflies include both vertebrates (birds, mammals, amphibians) and invertebrates 
(spiders, mantids and other firefly species) (Lloyd 1965, 1973). 
Firefly flashing may affect interactions with predators in several ways. First, flashes may 
act as a cue to eavesdropping predators, increasing the risk of detection. For example, flashing 
by the firefly Photinus sp. is detected by the predaceous firefly Photuris sp. (Woods et al. 2007). 
Laboratory-reared mice (Mus musculus) that have never encountered fireflies are more likely to 
select prey next to a flashing light than prey next to a light that is off (Underwood et al. 1997). 
The little brown bat (Myotis lucifugus) preferentially attacks flashing over nonflashing lures 
(Moosman et al. 2009).  
On the other hand, firefly bioluminescence may function to protect against predators 
(reviewed in Lloyd 1973, Sivinski 1981, Buschman 1988 and DeCock 2009). Bioluminescence 
serves as an antipredator defense in numerous marine organisms, including dinoflagellates, 
jellyfish, squid and crustaceans (reviewed in Widder 2010 and Haddock et al. 2010). Recent 
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phylogenetic analyses support the idea that firefly bioluminescence originated in larvae as an 
antipredator defense, and only later became exapted into an adult courtship signal (Branham & 
Wenzel 2001, Bocakova et al. 2007, Sagegami-Oba et al. 2007).  
Firefly flashing may reduce the risk of predation via at least three mechanisms.  First, 
naive neophobic or photophobic predators that rarely encounter fireflies may be reluctant to 
attack flashing prey (reviewed in Sivinski 1981). Second, a sudden flash may startle an 
approaching predator long enough to allow escape, similar to the way io moths (Automeris io) 
startle predators by suddenly exposing the eyespots on their hindwings (Blest 1957). There are 
anecdotal reports that larval and adult fireflies readily flash when they are physically disturbed 
either during the day or night (reviewed in Lloyd 1973, Sivinski 1981 and DeCock 2009). Lloyd 
(1973) summarized casual observations on startle behavior in response to firefly flashes: horses, 
raptorial insects, rats, geckos, and a chicken were reported to startle, but toads, frogs, spiders 
and bats were not. To our knowledge, startle responses of terrestrial invertebrate predators to 
sudden flashes of light have not yet been tested. 
Third, in firefly species that are chemically defended and thus distasteful, firefly flashing 
may serve as an aposematic signal (De Cock & Matthysen 1999). Distasteful prey often advertise 
chemical defenses with conspicuous visual signals that deter predators (Ruxton et al. 2004). 
Many (but not all) fireflies are distasteful to numerous vertebrate and invertebrate predators 
(reviewed in Lewis & Cratsley 2008). Some firefly genera contain defensive steroidal pyrones 
known as lucibufagins, which have been shown to deter predation by Phidippus jumping spiders 
(Eisner et al. 1978). Thus, bioluminescent signals may reduce predatory attacks by increasing 
predator recognition and avoidance of distasteful prey (Guilford 1986; reviewed in De Cock & 
Matthysen 1999). For example, wild-caught big brown bats (Eptesicus fuscus) were less likely to 
attack flashing compared to non-flashing aerial lures (Moosman et al. 2009). Similarly, when 
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presented with glowing dummy prey resembling glow-worm larvae, wild-caught toads (Bufo 
bufo) showed lower attack rates and longer latency to attack (De Cock and Matthysen 1999).  
Aversion to aposematic signals may be innate or learned (reviewed in Lindström et al. 
2009). Visual aposematic signals have been shown to enhance learned avoidance in avian 
(reviewed in Rowe & Guilford 2000), aquatic (Aguado & Marin 2007) and invertebrate predators 
(Prudic et al. 2006). Bioluminescent signals in particular may help predators learn and retain 
information that signaling prey are distasteful (Guilford & Cuthill 1989). In terrestrial 
ecosystems, the role of learning has been tested only in vertebrate predators. House mice (Mus 
musculus) learn to avoid unpalatable food more rapidly when it is positioned next to a glowing 
light (Underwood et al. 1997). After toads (Bufo bufo) are exposed to distasteful, glowing firefly 
larvae (Lampyris noctiluca), they become more reluctant to attack glowing (but not non-
glowing) dummy prey (De Cock & Matthysen 2003).  
Diurnal and nocturnal spiders are known predators of fireflies (reviewed in Lloyd 1973). 
Here we investigate the effect of bioluminescent flashes on the behavior of  jumping spiders in 
the genus Phidippus (Araneae: Salticidae), specifically Phidippus princeps and P. audax. These 
North American spiders have a broad geographic range that overlaps that of many firefly species 
(Lloyd 1966, Edwards 2004). Jumping spiders have excellent vision and are able to see color, 
motion, and image detail (reviewed in Richman & Jackson 1992). Instead of using a prey-capture 
web, jumping spiders stalk and tackle prey. Members of the genus Phidippus prey upon a wide 
variety of insects (Freed 1984; Edwards & Jackson 1993). Phidippus audax spiders have been 
used in bioassays for firefly chemical defenses, as they readily attack these insects (Eisner et al. 
1978, 1997). However, the relationship of firefly flashing to spider behavior was not recorded 
during these studies. Furthermore, spiders are capable of learning to avoid aversive stimuli 
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(reviewed in Jakob et al. 2011). In particular, P. princeps has been shown to reduce its attacks on 
toxic prey after repeated experiences (Skow & Jakob 2006).  
Fireflies begin sexual signaling at dusk, whereas jumping spiders are generally diurnal. 
However, firefly flashing might be important to jumping spiders both during daylight and at 
dusk.  We had noticed that fireflies resting on vegetation during the day flashed when disturbed, 
such as when we brushed against their plants while walking.  Thus, during daylight, a spider 
might sometimes see a flashing firefly that had been disturbed, or might induce flashing itself by 
touching or attacking a firefly.  We conducted daytime trials to more rigorously quantify flashing 
in response to gentle disturbance.  We also observed interactions between fireflies and spiders 
at dusk under natural light in order to examine whether their activity periods overlapped, and 
whether interactions resulted in flashing.  To test hypotheses concerning the role of 
bioluminescent flash behavior in firefly/spider predator-prey interactions, we conducted three 
experiments. (1) We tested whether stalking P. princeps spiders were startled by sudden light 
flashes and stopped their attack. (2) We tested whether flashing altered the likelihood of spider 
attack using choice tests between palatable prey items positioned next to a flashing LED vs. an 
unlit or steadily glowing LED. (3) We tested whether flashing increased the spiders’ avoidance of 
unpalatable prey over multiple encounters. 
1.2 Methods 
1.2.1 Study organisms 
The spiders used in these experiments were female P. princeps and P. audax, collected in 
western Massachusetts (Quabbin Reservoir, Hampshire County, Massachusetts, USA) in the late 
summer and fall of 2009 and 2010.  These two species co-occur in the same habitats (see Skow 
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& Jakob 2006 for habitat description). We used P. princeps in all experiments except for dusk 
activity trials, which were conducted in late spring before P. princeps could be collected in large 
numbers. We housed spiders individually in plastic cages enriched with plants and sticks 
(Carducci & Jakob 2000) and fed them Acheta domesticus house crickets weekly. Crickets were 
also used as a palatable prey item in the experiments described below. Before each experiment, 
spiders were starved for 5-9 days to ensure they were hungry. 
For firefly disturbance and dusk activity trials, we collected adult male and female Photuris 
sp. in early summer 2010 & 2011 from three locations (Greenfield, Franklin County, 
Massachusetts, USA;  Quabbin Reservoir, Hampshire County, Massachusetts, USA and University 
of Massachusetts Amherst, Hampshire County, Massachusetts, USA). Captured fireflies were 
housed in clear plastic cups with ventilated lids. They were given a wet piece of filter paper and 
a piece of apple to maintain humidity in the cage and a piece of silk vegetation to rest on.  
To examine avoidance of unpalatable prey with experience, we used the diurnal firefly, 
Ellychnia corrusca, which our preliminary observations showed to be unpalatable to P. princeps 
spiders. Because these fireflies are non-luminescent as adults (Williams 1917, Rooney & Lewis 
2000), we could experimentally control the bioluminescent cues we presented to spiders. 
Overwintering adults were collected in January 2010 on oak trees (Quercus rubra) (Cadwell 
Forest, Pelham, Hampshire County, Massachusetts, USA). Fireflies were housed communally in a 
plastic container outfitted similarly to those for Photuris sp.  
1.2.2 Firefly Disturbance and Flash Behavior 
Previous reports indicate that adult fireflies flash when disturbed by contact with 
potential predators (reviewed in Lloyd 1973, Fu 2006). To confirm these reports, we recorded 
the response of female and male Photuris sp. to physical disturbance. During daylight trials in 
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the laboratory, we placed individual fireflies in a clear plastic open-topped vial (3 cm diameter x 
5.7 cm long). We observed undisturbed fireflies for 3 min and scored whether they flashed. We 
then gently tapped each firefly with a paint brush and again scored whether they flashed. We 
compared flashing before and after disturbance using McNemar’s exact test (Daniel 1978).   
1.2.3 Dusk Activity Trials 
To examine potential interactions between jumping spiders and fireflies during the 
fireflies’ active hours, we placed fireflies (Photuris sp.) and spiders (P. audax) together at dusk 
and recorded their interactions.  Trials were conducted in June 2011, between 19:30 and 22:00 
outside on a mowed lawn in Amherst, Massachusetts, USA. We placed spiders individually in 9 
cm petri dishes and allowed them to acclimate for at least 1 h. Once fireflies began to flash 
spontaneously, typically around 20:30-21:00 (21 lux), two fireflies were placed into each dish. 
For 1 h, we recorded any touches or attacks made by the spiders and the flashing behaviour of 
the fireflies before and after interaction with the spider.   
1.2.4 Tests of the Startle Hypothesis for Flashing 
We tested whether P. princeps spiders were startled by light flashes that occurred during 
a predatory attack. We simulated firefly flashes with green LEDs (570 nm, 50mcd; RadioShack, 
Model 276-009), which closely matches the wavelength of Photuris sp. fireflies (Biggley et al. 
1967), many species of which are found locally. Firefly flash rates vary widely between species 
and individuals, as well as within individuals across temperatures. The flash rate that we chose 
was within the biological range of local fireflies. LEDs were connected to a 555 timer chip and a 
variable resistor was used to adjust the LED flash rate to 2 MHz with a flash duration of 150 
msec for this and subsequent experiments.  
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The testing arena consisted of a covered 9 cm diameter petri dish with an LED inserted 
through the center of the bottom. For each trial, we glued a single cricket (0.7 – 1 cm in length) 
to card stock (as in Jakob et al. 2007) and placed it next to the LED; secured crickets were still 
able to make small movements of the head and body. This and all subsequent experiments were 
conducted under full spectrum bulbs (GE Reveal, 120V, 65W flood) at 1292 lux, approximating 
daylight conditions.  
We introduced spiders individually into the arena using a modified 20-cc syringe with its 
tip cut off. The sides of the syringe were opaque to eliminate visual cues, and spiders remained 
in the syringe for 5 min to acclimate before they were gently introduced into the arena through 
a small hole in the lid.  
During each trial in the control treatment, spiders were placed in the arena with a cricket 
positioned next to an unlit LED. For the flashing treatment, spiders were placed in the arena 
with a cricket positioned next to an LED that was activated to flash by an observer using a 
wireless remote when the spider oriented to and began to approach the cricket. The light 
remained on as long as the spider was oriented to the cricket. In both treatments, we recorded 
each spider’s behavior for 15 min or until it began to consume the cricket. We defined startle 
responses as a pause, with the spider suddenly stopping its forward motion towards the prey; a 
retreat, moving its body rapidly backwards; or a defensive posture, tucking its posterior legs 
under its body and raising the anterior two legs. All trials were scored in real time and were also 
video recorded; these recordings were used to refine and confirm difficult scoring. Syringes and 
arenas were cleaned with isopropyl alcohol and allowed to dry between trials to remove 
possible chemical cues from previous spiders. We compared the frequency of spider startle 
responses in control and flashing treatments using a chi-square contingency test. 
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1.2.5 Effect of Flashing on Spiders’ Prey Choice  
To test whether flashing altered the likelihood of P. princeps attack, we set up tests in 
which spiders were allowed to choose between two palatable crickets, each positioned next to 
an LED. These LEDs were either unlit, flashing (2 MHz flash rate, flash duration 0.15 s) or glowing 
(continuously on). The testing arena was a covered 14 cm diameter petri dish with two LEDs 
inserted through the bottom of the arena at opposite sides, 1 cm from the edge. Size-matched 
crickets (0.7 – 1 cm length) were used in each trial, with one secured cricket positioned next to 
each LED. Two different pairwise comparisons were tested: (1) flashing vs. unlit LEDs, and (2) 
flashing vs. steadily glowing LEDs. For each trial, the flashing LED was randomly assigned to be 
on either the left or right side of the arena. After a 5-min rest period in the syringe, individual 
spiders were introduced through a hole in the center of the arena as described for the startle 
trial. Each spider was observed for 15 minutes to determine which cricket it attacked first. 
Spiders that did not attack either cricket within 15 min were retested after 24 h.  Spiders that 
never attacked were dropped from the experiment after three trials. For each comparison, we 
tested whether spiders discriminated between the two prey treatments with exact binomial 
tests. 
1.2.6 Effect of Flashing on Avoidance of Unpalatable Prey Over Multiple Encounters 
To test whether flashing increases spiders’ avoidance of unpalatable prey over multiple 
encounters, we compared P. princeps attack rates before and after seven trials with unpalatable 
Ellychnia corrusca fireflies (a species with non-luminescent adults) that were presented with 
LEDs that were either flashing or unlit. We chose seven trials because Skow & Jakob (2006) 
found that eight trials were sufficient for spiders to learn an association between contextual 
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cues and distasteful prey, and inspection of the raw data suggested that seven trials would also 
be sufficient. Spiders were placed in one of ten testing arenas (9 cm petri dishes with an LED 
inserted through the center of the bottom) that were visually isolated from each other. Spiders 
were allowed to acclimate to the arena for 30 min, after which LEDs in 5 randomly-chosen 
arenas began flashing (2 MHz for 150 msec), while the remaining LEDs remained off. At the 
same time, a single E. corrusca adult was placed into each arena. Each spider was given seven 
consecutive 10 min trials, with 30 min rest periods between each trial; we observed each 
spider’s behavior during the first and last trials and recorded whether the spider attacked the 
firefly. During rest periods fireflies were removed and all LEDs turned off so that spiders were 
alone in the arena, and new fireflies were added at the start of each new trial. To compare 
spider attack rates between the flashing and non-flashing treatments, we used chi-square tests 
of two 2 x 2 contingency tables (one for the first trial and another for the last trial).  
As a further control to test whether spiders became blinded or otherwise disturbed across trials 
by the flashing light and changed their predatory behavior as a result, we performed a second 
set of trials with different P. princeps spiders. We used the same protocol as above, except that 
we offered all spiders palatable Drosophila hydei as prey on the first and seventh trials. Spiders 
were each tested twice, once in the flashing and once in the non-flashing treatment, with at 
least one day between tests. Treatment order was randomly assigned for each spider. Spiders 
that failed to attack prey in either the first or seventh trial in a particular treatment were 
retested up to three times. Two spiders still failed to attack prey and were omitted from the 
analysis, leaving a sample size of 20 individuals. Because the same spiders were tested in each 
treatment, we used a McNemar’s test for significance of changes, appropriate for a paired 
design (Daniel 1978). 
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1.3 Results 
1.3.1 Firefly Disturbance and Flash Behavior 
Under daylight conditions in the laboratory, Photuris sp. adult fireflies exhibited no 
flashing when undisturbed, but were significantly more likely to flash when gently tapped 
(McNemar’s exact test: 21 = 9.09, N = 14, P = 0.003).  Three fireflies did not flash in either the 
resting or disturbance trials. 
1.3.2 Dusk Activity Trials 
During the dusk trials, 100% (N=13) of the spiders touched (N=11) and/or attacked a firefly 
(N=9). Of the 25 attacks we observed, 48% (N=12) resulted in flashing. Spiders touched fireflies 
40 times, 20% (N=8) of which resulted in flashing.  Two spiders oriented to and then approached 
a flashing firefly. During one interaction, a spider oriented toward and approached a firefly 11 
times, during which the firefly flashed continuously. These fireflies were apparently distasteful 
to the spiders and were released after attack.  
1.3.3 Tests of the Startle Hypothesis for Flashing 
P. princeps jumping spiders did not show any startle behaviors in any trial. Whether the 
LED remained unlit (N = 9) or flashed (N = 12), every spider attacked and captured the cricket 
prey (chi-square contingency test: 21 = 0, P = 1). 
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1.3.4 Effect of Flashing on Spiders’ Prey Choice  
Spiders were significantly more likely to attack cricket prey positioned next to a flashing 
LED than crickets positioned next to an unlit LED (exact binomial test, N = 29, P = 0.03). Spiders 
also attacked cricket prey positioned next to a flashing LED significantly more often than crickets 
positioned next to a steadily glowing LED (binomial test: N = 25, P = 0.007).  
 
1.3.5 Effect of Flashing on Avoidance of Unpalatable Prey Over Multiple Encounters 
During the first trial, spiders were equally likely to attack unpalatable, non-bioluminescent 
E. corrusca fireflies that were presented with either a flashing or an unlit LED (Figure 
1.1; Fisher’s exact test, N = 30, P = 0.49). By the seventh trial, however, attack rates differed 
significantly between spiders tested with flashing and unlit lights (Fisher’s exact test, N = 30, P < 
0.007). Spiders that had been offered prey accompanied by an unlit LED maintained similar 
attack rates (Figure 1.1; 53% compared to 47% during their first trial). In contrast, when prey 
were presented with a flashing LED, spider attack rate was reduced from 60% to 0% by the 
seventh trial. In all instances, E. corrusca fireflies attacked by spiders were rejected after contact 
and released. The fireflies appeared unharmed by the attack. 
In contrast, when tested with palatable D. hydei, spiders in the two light conditions did not 
differ in their behavior. In the non-flashing treatment, five spiders attacked prey in the first trial 
but not the last, six attacked in the last trial but not the first, and nine attacked in both trials. In 
the flashing treatment, three spiders attacked prey in the first trial but not the last, five attacked 
prey in the last trial but not the first, and twelve attacked in both trials. We found no difference 
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between the behavior of spiders in the flashing and non-flashing conditions in either the first 
trial (McNemar’s exact test: 2 = 0, df = 1, P = 1) or the last ( 2 = 0.25, df = 1, P = 0.625). 
 
1.4 Discussion 
Jumping spiders may interact with fireflies both during the day and at dusk. Under 
daylight conditions in the laboratory, we found that adult fireflies (Photuris sp.) flashed readily 
when disturbed, but never flashed when undisturbed. Thus, diurnally active jumping spiders 
may elicit flashes from resting fireflies they might encounter while hunting or may be attracted 
to a flashing firefly that has been disturbed in some other way. Furthermore, we found that P. 
audax remains active during the dusk activity period of the fireflies and interacts with fireflies 
during this period. When thirteen spiders were allowed to interact with fireflies during the 
fireflies’ active period (between 20:30 and 21:00), all thirteen attacked or touched a firefly.  
During these interactions, 48% of attacks (N=25) and 20% of touches (N=40) elicited a flash from 
the firefly.  
We then examined three hypotheses concerning the role of bioluminescent flashing in 
mediating behavioural interactions between fireflies and a jumping spider predator, P. princeps.  
We found that spiders did not show any startle response to the sudden onset of a flashing light 
during a predatory attack. We also found that spiders preferred prey secured next to a flashing 
light compared to an always off or always on light. Spiders were able to learn to avoid distasteful 
prey associated with a flashing light after seven training trials, but not to avoid distasteful prey 
that was not associated with a flashing light.  
We tested whether bioluminescent signals elicit a startle response from spiders, as has 
been found in other species. For example, the sudden flashing of dinoflagellates reduces 
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predation by copepod predators (Esaias & Herbert 1972). However, we found no evidence that 
flashing serves to startle P. princeps jumping spiders, as sudden activation of a flashing light did 
not deter any spiders from successful predatory attacks on palatable prey. However, because 
multiple authors have observed that firefly flashing elicits startle responses from other potential 
predators (rats, geckos, and chickens) (reviewed in Lloyd 1973), expanding these tests to 
additional predators would be useful.  
Our results also showed that jumping spiders were significantly more likely to attack 
palatable prey associated with flashing LEDs compared to prey associated with either unlit or 
steadily glowing LEDs. In vertebrates, responses to flashing lights vary. House mice (Mus 
musculus; Underwood et al. 1997) and little brown bats (Myotis lucifugus; Moosman et al. 2009) 
are attracted to artificial prey associated with flashing lights. In contrast, wild-caught toads (Bufo 
bufo, De Cock & Matthysen 1999) and big brown bats (Eptesicus fuscus) are both reluctant to 
attack glowing lures. We are aware of only one study of firefly flashing and invertebrate 
predators: predatory Photuris fireflies are attracted to flashing LEDs (Woods et al. 2007).  Thus, 
one possible cost of bioluminescent firefly flashes may be an increased risk of attack by some 
vertebrate and invertebrate predators. 
However, this study also demonstrates that bioluminescent signals can facilitate learning about 
unpalatable prey by P. princeps spiders, the first such demonstration for any terrestrial 
invertebrate predator. In our experiment, spiders that captured adult E. corrusca fireflies quickly 
dropped them, apparently unharmed; these and many other fireflies secrete defensive 
chemicals through reflex bleeding when they are disturbed (reviewed in Lewis & Cratsley 2008). 
During our dusk trials, spiders all touched or attacked fireflies but then dropped them 
unharmed.  Forty-eight percent of attacks were followed by flashing, providing the spiders an 
opportunity to associate the flash with the distasteful firefly.  
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In the presence of a flashing LED, spiders ceased attacking unpalatable prey within seven trials, 
while spiders exposed to an unlit LED did not change. At least three different mechanisms may 
have caused the decline in attacks in the presence of a flashing light. First, the flashing light may 
have harmed the spiders’ vision, making it less likely that they saw the prey in later trials. This is 
unlikely given that, in a separate test, we found that spiders that had been exposed to a flashing 
light easily captured D. hydei. Second, the flashing light may have acted as a contextual cue, i.e., 
a background cue that enhances retention of a particular association. This interpretation is 
supported by previous work showing that P. princeps attends to visual background cues when 
learning to avoid distasteful prey (Skow & Jakob 2006). Finally, the flashing light may have 
increased the spiders’ arousal and thus enhanced their attention to taste cues.    
These results, together with previous work on mice (Underwood et al. 1997) and toads (De Cock 
and Matthysen 2003), suggest that bioluminescence can serve as an aposematic signal helping 
both vertebrate and invertebrate predators learn to identify and subsequently avoid 
unpalatable prey. The importance of learning in nature depends on how often spiders encounter 
distasteful and palatable fireflies. Chemical defences have been studied in very few firefly taxa, 
yet based on what we know currently these differ widely in their anti-predator defences 
(reviewed in Lewis & Cratsley 2008). Steroidal pyrones called lucibufagins have been found in 
adults of two nocturnal North American fireflies (Photinus ignitus and P. marginellus) and a 
diurnal firefly (Lucidota atra; Gronquist et al. 2006), and these compounds have been shown to 
deter predation by P. audax jumping spiders (Eisner et al. 1978). It is possible that lucibufagins 
may also be responsible for E. corrusca’s unpalatabilty to P. princeps spiders. However, in 
Photuris fireflies the newly emerged adults entirely lack lucibufagins and are readily consumed 
by P. audax jumping spiders; Photuris fireflies only acquire protection against their own 
predators after they have eaten fireflies in the genus Photinus (Eisner et al. 1997). Thus, jumping 
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spiders and other learning predators are likely to encounter a mixture of toxic and non-toxic 
firefly prey, which may slow the rate at which they learn to avoid flashing prey.  
In summary, in the context of jumping spider predation, bioluminescent flashing may increase 
predation risk for non-toxic fireflies, especially those not in sympatry with toxic fireflies: spiders 
were attracted to and not startled by flashing lights. However, bioluminescent flashing can 
reduce predator attacks on toxic fireflies by improving the ability of spiders to learn about them. 
Thus, the usefulness of bioluminescence as an aposematic signal should depend on the relative 
frequency of non-toxic and toxic prey in the local firefly fauna, as well as on the composition of 
local predator guilds.  
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Figure 1.1 Percent of attacks by Phidippus princeps spiders on unpalatable prey (Ellychnia 
corrusca non-luminescent fireflies) that were presented next to LEDs that were either flashing 
(light grey) or unlit (dark grey). Seven consecutive 10 min trials were interspersed with 30 min 
rest periods. Results shown for the first and last trials (N = 30 spiders in each). Asterisk indicates 
P < 0.05 by contingency test. 
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CHAPTER 2 
 
VIBRATION AS AN EFFECTIVE STIMULUS FOR AVERSIVE CONDITIONING IN JUMPING SPIDERS 
2.1 Introduction 
Aversive conditioning can be an effective protocol for investigating animal cognition. In 
aversive conditioning, a negative stimulus (also called an unconditioned stimulus) such as shock 
is paired with a neutral stimulus such as an image or tone. After training, animals avoid the 
previously neutral stimulus (now called the conditioned stimulus). While vibration has been 
used in studies of invertebrate learning, it is more often used as a conditioned stimulus rather 
than an unconditioned stimulus. For example, antlion larvae (Myrmeleon crudelis) learned to 
associate a vibrational cue with the arrival of food (Guillette et al. 2009), earthworms (Lumbricus 
terrestris) learned that substrate vibration predicted the onset of a bright light (Ratner & Miller 
1959; Watanabe et al. 2005), and honeybees (Apis melifera) learned that vibration predicted 
electric shock (Abramson 1986). Here we test vibration as an aversive, unconditioned stimulus 
for studies of spider learning.  
We studied vibration for four reasons.  First, animals often learn more efficiently about 
stimuli that have some biological relevance (Shettleworth 2010). Spiders sense air- and 
substrate-borne vibration using, respectively, trichobothria and slit sensilla in the tarsal cuticle 
(Foelix 2011). Spiders use vibration in mating displays (reviewed in Sivalinghem et al. 2010) and 
to detect the presence of predators and prey (reviewed in Foelix 2011). Second, vibration has 
been used effectively as an unconditioned stimulus in several studies of spider learning. In 
Araneus diadematus Clerck, 1757 spiders learned to associate different frequencies with 
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aversive or non-aversive prey (Bays 1962). Spiders also attend to vibration as part of a 
multimodal cue: vibration enhanced the ability of jumping spiders, Habronattus dossenus 
Griswold, 1987, to learn a color discrimination task (VanderSal & Hebets 2007). Third, vibration 
can be consistently administered across animals and trials because it is easy for the 
experimenter to see when the spider is experiencing the stimulus.  Finally, vibration chambers 
are inexpensive and easy to build. The apparatus described here required minimal assembly and 
cost under $40 USD.  
2.2 Methods 
2.2.1 Study Organisms 
We collected adult and penultimate Phidippus audax from fields and structures in 
Hampshire County, Massachusetts, USA, during late summer and early fall of 2013 and spring of 
2014. Spiders were housed in 18 x 13 x 10 cm high clear plastic cages with a green wooden 
dowel, a refuge tube and plastic foliage for enrichment (Carducci & Jakob 2000). Spiders were 
fed crickets (Acheta domesticus) weekly and had constant access to water in cotton-stoppered 
test tubes. Spiders were starved for no less than four days before training and choice tests.  
2.2.2 Experiments 
Our experimental design was to run initial choice tests to ascertain which of a pair of 
stimuli a naïve spider approached when given a choice, train the spider to associate vibration 
with its chosen stimulus, and finally give it a post-training choice test between the same two 
stimuli. The stimuli used were a silhouette of a cricket and a solid black oval (Figure 2.1), which 
we knew from other work that P. audax can differentiate. We created stimuli in Adobe 
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Illustrator CC and used ImageJ to adjust their sizes so that they were equal in area and 
approximately the same length and height. We turned the stimuli into videos with Adobe Flash 
for Macintosh, exported the videos as .mov files (30 frames per second), converted them to 
MPEG-4 for iPod in Apple iTunes, and presented them to the spiders on Apple iPods (generation 
5; Apple Inc., Cupertino, CA). All trials were conducted in a room lit only by natural light filtered 
through a translucent blind; in pilot experiments, dim light improved spiders' attention to the 
videos.  
Both pre- and post-training choice tests were run in a V-maze made of foam core (Figure 
2.2A). The end of each maze arm had a slot to accommodate an iPod. A hole cut through the 
bottom of the floor between the two arms allowed the spider to be inserted into the arena via a 
syringe. We coated the inside walls of the arena with Vaseline petroleum jelly (Unilever, 
Rotterdam, Netherlands) to keep spiders from escaping.  
To begin a choice test, we placed a spider into an open-ended 30 ml syringe covered with 
opaque tape and plugged the syringe with a cotton ball wrapped in plastic wrap. We inserted 
the syringe into the bottom of the V-maze. We placed a V-shaped divider of clear acetate 
between the arms of the maze to prevent the spider from moving immediately into the maze 
upon release. After a 5-min rest, we removed the syringe plug and slowly depressed the plunger 
until it was flush with the floor of the maze. After the spider had clearly oriented to both stimuli 
(turning its body so that the anterior eyes were directed at the stimulus), the divider was 
removed and the spider was allowed to make a choice. A choice was defined as the spider 
walking 10 cm into an arm of the arena. If the spider did not orient to both stimuli at least once 
in 10 min before the divider was lifted or if it did not make a choice within 20 min after the 
divider was lifted, the trial was stopped and the spider was retested later that same day.  
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Spiders were trained in an alley constructed of foam core (15 cm x 9.5 cm x 11 cm high) (Figure 
2.2 A&D). At one end of the alley, a slot held an iPod for playback of the training video. The 
distance between the spider and the iPod in the training arena was the same as the distance 
between the insertion point and the iPod in the choice testing arena. The opposite end of the 
alley had a 6.5 x 3.4 cm foam-core platform, separate from the floor of the arena and glued to 
the top of a 196 Hz 3V motor (Cermag Motor, Aristo-Craft, USA).  An Arduino Uno (Smart 
Projects, Italy) was programmed to turn on the motor at specific intervals. We measured the 
vibration of the platform with an ADXL 335 3-axis accelerometer (Analog Devices, Norwood, MA, 
USA) driven by an Arduino Uno board. Raw data from the accelerometer was captured using 
CoolTerm (freeware.the-meiers.org) at a sampling rate of 500 Hz and analyzed using the Data 
Analysis Tool Box in Excel (Microsoft Coporation, Redmond, WA, USA) and the Sinusoidal Motion 
Calculator (Vibration Calculator) from Advanced Mechanical Engineering Solutions 
(www.amesweb.info). 
For training with vibration, we tethered spiders in order to keep them oriented to a video 
of their preferred stimulus at a standard distance from the screen. We tethered each spider by 
waxing the tip of a microbrush (EasyinSmile Dental, Staten Island, NY) to the spider's 
cephalothorax as a "hat" (Figure 2.2B). To attach the microbrush, we placed the spider in a 30 
ml syringe with its tip cut off and a foam-padded plunger. We stretched a piece of Parafilm over 
the syringe opening and raised the plunger until the spider's cephalothorax and abdomen were 
firmly pressed against the Parafilm. We made a hole in the Parafilm to expose the cephalothorax 
while leaving the legs and abdomen immobilized. Using a heated wax carving tool typically used 
for the preparation of dental implants (GadgetWorkz, Orange County, CA), we melted several ml 
of a 1:1 beeswax/rosin mixture and dipped the microbrush into it. We then used a fine heated 
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wax-carving tip to melt the mixture and attach the brush to the spider's cephalothorax while 
avoiding its eyes. We affixed hats at least 1 h before training.  
During training, a spider was suspended by the end of its hat from an alligator clip 
attached to an adjustable XY microscope stage, which allowed us to easily orient the spider to 
the video. The spider was lowered onto the vibration platform until all of its tarsi made contact. 
We ensured that the cephalothorax and abdomen were clear of the platform because in pilot 
studies we found that vibrating these disoriented the spider.   
After the tethered spider was oriented to the video screen, it was given a three-minute 
rest with a blank screen followed by 10 training bouts (modified from Skow 2007). In each bout, 
the preferred stimulus appeared on the video screen and the spider was given 5 seconds of 
vibration every 10 sec for 30 sec. Each training bout was followed by a one-minute break during 
which the iPod displayed a black screen. After the tenth training bout, we used forceps to gently 
pop off the spider's hat and repeated the choice test with the two stimuli randomly assigned to 
different arms of the choice arena. Control spiders underwent the same procedure except that 
the motor was disconnected from the vibration platform during training. If a spider did not 
make a choice after 20 min, the trial was ended and the spider was retrained and tested at least 
24 h later. The vibration platform, syringe, plug and arena surfaces were cleaned with alcohol 
between trials.  
In a separate test, we confirmed that spiders treated vibration as aversive by testing them 
in an arena  (8.2 cm x 5.2 cm x 11 cm high) with half its floor comprised of the vibrating platform 
used in training and the other half comprised of a stationary platform. The sides of the arena 
were covered in a thin layer of Vaseline to prevent escape. We tested two groups of spiders. For 
the vibration group (N = 15), a spider was placed in the arena with the motor on the vibrating 
side off and allowed to explore freely. After the spider had explored both sides of the arena 
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floor and returned to the vibrating platform, we turned on the motor. We then recorded how 
long the spider spent on the vibrating platform for two min. The control group (N= 15) was 
treated identically but the vibrating platform was not turned on. We compared the amount of 
time each group spent on the vibrating platform with a Mann-Whitney U test. 
 
2.3 Results 
The frequency spectrum for the motor showed a dominant peak at 196 Hz and a smaller peak at 
190 Hz. The platform moved in all three axes of motion, with a peak displacement of 4.37 mm, 
7.15 mm and 4.13 mm and a peak velocity of 68.67 mm/s, 112.38 mm/s and 64.87 mm/s along 
the x, y and z axes respectively. 
While we saw no evidence during the learning experiment that spiders behaved 
abnormally after training, we also tested whether spiders stalked and fed on prey after being 
exposed to vibration. We followed the same hatting and training procedure described above 
except that we omitted the initial choice trial and showed all animals the cricket video during 
training. After training, we removed the hats from the spiders, returned them to their cages, 
and allowed them to rest for 15 minutes. A single live cricket was then placed in each cage. We 
recorded the spiders' latency to attack and eat the prey. Training with vibration was effective. 
Spiders appeared to be disturbed by the vibration of the platform and moved their legs rapidly 
in response (see Supplementary Video). Spiders exposed to vibration were significantly more 
likely than control spiders to choose the stimulus they did not see during training (Fisher exact 
probability test, P < 0.04). After vibration training, 7 of 30 spiders chose the stimulus that they 
saw during the training procedure, in contrast to 16 of 30 control spiders.  In a separate test, 
freely moving spiders spent less time on a vibrating platform than did a control group where the 
 23 
vibration was turned off (Mann-Whitney U Test, z = -3.69, P < 0.0002). However, vibration did 
not appear to cause long-lasting harm, as all 15 spiders presented with live crickets after 
vibration training captured and ate the crickets within 15 min, and 13 of these did so within two 
minutes.  
2.4 Discussion 
Two additional explanations for the training data should be considered. First, we cannot 
exclude the possibility that the tethering procedure itself was aversive and could cause spiders 
to avoid the stimulus they viewed during training; in fact, we view this as likely. However, the 
addition of vibration did significantly affect post-training decisions.  Second, it is possible that 
vibration itself is not aversive to spiders, but that tethering with the wax hat is the aversive 
stimulus and that vibration only serves to increase the spiders' attention to it, similar to the role 
of vibration in Vandersal & Hebets (2007).  However, freely moving spiders avoided a vibrating 
platform, supporting the hypothesis that vibration in itself is aversive.  
Training with a 196 Hz vibration did not appear to cause long-lasting harm. However, we 
did not test other speeds. Our artificial vibration was in the range of seismic signals produced by 
other jumping spiders. For example, Habronattus dossenus Griswold, 1987 has a mating display 
with three seismic components with  fundamental frequencies of ranging of 5.7-65 Hz and peak 
frequencies of 260-1203 Hz (Elias 2003). It is possible that faster vibrations would be harmful. 
Our experiment demonstrates that vibration provides an alternative to another proven 
aversive stimulus, shock (e.g., Skow 2007; Bednarski et al. 2012). Shock has several drawbacks 
that vibration does not share. It is important to consistently apply the negative stimulus in order 
to ensure that all animals have the same opportunity for learning, but shock can be inconsistent. 
In a typical operant chamber, the animal receives an electric shock when it completes an open 
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electrical circuit by touching two adjacent metal strips, rods, or parts of a grid. Larger animals 
such as rats or mice are in constant contact with both parts of the circuit, but we have noticed 
that spiders can learn to position their legs between even close strips and thus avoid shock. In 
addition, the amount of shock a spider receives varies depending on which part of its body 
completes the circuit. The amperage of the current passing through the animal depends on its 
electrical resistance. The resistance of chitin, which forms the spider's exoskeleton, increases 
with its thickness (Rao & Mehrotra 1997). Thus, the amount of shock a spider receives depends 
on whether the circuit is completed by the thick chitin of tarsal claws or by the thin chitin of the 
abdomen. In pilot data, we measured the current the spiders received in a shock chamber and 
found that it varied as they moved around. In contrast, vibration is visible so it easy to confirm 
that spiders are all receiving the same training. 
Given the increasing interest in spider learning and cognition (reviewed in Jakob et al. 
2011), vibration as a negative stimulus should be a useful addition to our tool kits. This training 
procedure could easily be modified in order to accommodate other experimental designs. While 
our trial used a tethered spider suspended over the vibration platform, the chamber could be 
modified to accommodate a free-running spider or a shuttlebox design.  
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Figure 2.1 The two stimuli used in the experiment. 
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Figure 2.2 A. Top view of the choice test arena. An iPod (1) was placed at the end of each 
arm, 12 cm from the center of the arena. A hole (2) was cut into the center of the arena to allow 
spiders to be introduced via a syringe with the end cut off.  B. A spider tet by a hat. C. Side view 
of the training arena. An iPod (1) was placed in an open slot at the far end of the arena opposite 
the spider. The spider was suspended over the vibration platform using a modified X/Y 
microscope stage (2) by a waxed hat (3). The vibration platform was glued to a small, 11600 rpm 
motor (4), which provided the vibration. D. Top view of the training arena showing the 
placement of the Arduino Uno (1) and the battery case (2).  
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CHAPTER 3 
 
A NOVEL PROTOCOL FOR GENERATING INTACT, WHOLE-HEAD SPIDER CEPHALOTHORAX 
TISSUE SECTIONS 
3.1 Introduction 
The enormous diversity of arthropod behavior and sensory system morphology provides an 
ample resource for comparative studies of the relationship between the brain and behavior. In 
insects, neuroanatomical studies have illustrated the relationship between the brain and 
behavior (reviewed in Strausfeld, 2012). For example, similar structures in the central nervous 
systems of scarab beetles (Coleoptera: Scarabaeidae) and cockroaches but have evolved 
independently and are associated with an increase in foraging behavior complexity (Farris 
2008b). Additionally, brain morphology can be used as a marker to explore phylogenetic 
relationships. Large-scale phylogenetic analyses using neuroanatomical characteristics have 
helped clarify the relationships between insects, crustaceans, onychophorans and chelicerates 
(Strausfeld et al. 2006; Strausfeld 2009). Results from studies of arthropod brains can even be 
compared with mammalian systems as there are commonalities in vertebrate and invertebrate 
brains that extend beyond the deuterostome/protostome boundary (reviewed in Farris 2008a).  
 Spiders offer a rich behavioral repertoire, and in combination with their sensory system 
diversity provide an intriguing evolutionary counterpoint to studies of the evolution of insect 
neuromorphology. While the insect’s brain is dominated by both olfactory and visual stimuli, the 
landscape of the spider’s brain has been changed dramatically by the loss of the ancestral 
antennal lobe and the evolution of four pairs of eyes (Damen et al. 1998; Barth 2013; Figure 
3.1). Despite their potential for directed study, little is known about the extent of 
neuromorphological variation within spiders. The few studies that have examined the diversity 
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of spider brains have found some tantalizing differences across species (Weltzien & Barth 1991). 
Weltzein & Barth (1991) compared the relative volume of different brain regions in spiders that 
vary in foraging behavior: the tarantula Ephebopus sp. (Theraphosidae), the jumping spider 
Phidippus regius (Salticidae), the orb weaving spider Nephila clavipes (Nephilidae) and the 
wandering spider Cupiennius salei (Ctenidae). They found that the relative volume of the 
subesophageal mass, the region of the brain involved in processing non-visual sensory 
information, of the tarantula is five times larger than that of the highly visual jumping spider or 
the orb-weaving spider. Conversely, the relative volume of the protocerebrum, the visual 
processing center of the spider brain, is larger in the jumping spider (50.6%) than in the 
wandering spider (14.9%), the tarantula (15.7%) or the orb weaving spider (24.8%).  The shape 
and size of the spider’s optical neuropils also varies greatly among spiders with distinct foraging 
behaviors and eye morphology (Strausfeld 2012). 
The modest number of neuroanatomical studies of spiders is likely due, at least in part, to the 
histological challenges presented by the spider’s morphology. Like all arthropods, the spider’s 
body is covered in a hard exoskeleton that must be circumvented before usable tissue sections 
can be obtained. Additionally, the spider’s cephalothorax contains everything separated into the 
head and thoracic segments in insects, as well as additional components.  The muscles, fat, 
digestive tissue, sclerotized esophagus and mouthparts, sucking stomach, venom glands, brain 
and optical tracks intermingle with each other in a pressurized soup of hemolymph. These 
diverse tissues all embed and section at different optimal speeds. Finally, the highly pressurized 
nature of the cephalothorax (Foelix 2010) also means that thought must be given to the 
stabilization of internal tissues during processing to a level that is not necessary in insect head 
capsules.  
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Sectioning tissue with an intact exoskeleton can cause a number of problems. The inflexible 
exoskeleton can splinter and damage paraffin sections; in gelatin-agar blocks the pressure of the 
leading edge of the blade against the exoskeleton can pull the sample from the block or cause 
uneven sectioning. Several methods exist for dissolving the exoskeleton in insects, including 
double paraffin infiltration followed by sodium hydroxide or sputol (Barros-Pita 1971; Haas 
1992). However, these methods often require a dehydration and paraffin embedding step that 
can lead to increased tissue warping and shrinking (Baird 1936). Resin embedding is a good 
alternative to paraffin that can reduce the problems caused by the thick exoskeleton. However, 
this method is not compatible with all staining protocols, can be expensive, and uses 
undesirable toxic chemicals.  
The dissection of the spider’s brain out of the cephalothorax can help limit problems due to the 
heterogeneity of tissue and circumvent problems with the exoskeleton. However, here the 
internal structure of the spider also thwarts the histologist’s efforts. Unlike the insect’s brain, 
which is relatively isolated in the head segment and is easier to remove, the spider’s brain is 
enmeshed within the diverse tissues of the cephalothorax.  While removal of the spider’s brain 
and associated visual centers is possible, it is exceedingly difficult because the brain is 
surrounded by robust leg muscles, digestive diverticula, venom glands, the sucking stomach and 
fatty tissue (Foelix 2010, Figures 3.1 & 3.2). Dissection can easily result in trauma to brain tissue 
or the loss of delicate optical tracts, especially in smaller animals. Additionally, the sclerotized 
esophagus, which must be removed to prevent it from tearing the tissue during sectioning. It 
projects through the center of the brain and its removal often causes severe damage to brain 
tissue.  
Here we describe a simple process that yields thick sections of whole cephalothorax tissues 
appropriate for fluorescent confocal microscopy. In this method we first soften the exoskeleton 
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and then embed the tissue in a matrix to retain the position of internal structures. We also 
present a modified whole-head DiI staining technique that allows imaging of nervous tissue. 
3.2 Methods 
3.2.1 Study Organisms 
We sampled spiders from 20 different families: Agelenidae, Amaurbiidae, Antrodiaetidae, 
Araneidae, Ctenidae, Deinopidae, Filistatidae, Hypochilidae, Lycosidae, Miturgidae, Nephilidae, 
Oxyopidae, Philodromdae, Pholcidae, Pisuridae, Salticidae, Scytodidae, Theridiidae, Thomisidae 
and Uloboridae. Spiders ranged from 3mm to 21mm in length. Spiders were collected from 
fields in western Massachusetts, USA; Archbold Biological Station, FL, USA; or Jacksonville, FL, 
USA from 2012-2014. Antrodiaetidae were purchased from BugsInCyberspace.com, Oregon, 
USA. Prior to dissection, spiders were housed in 18 X 13 X 10 cm clear plastic cages, were fed 
crickets (Acheta domesticus) weekly and had constant access to water. Spiders were typically 
housed for less than two weeks prior to dissection.  
3.2.2 Dissection and Fixation 
Spiders were anesthetized by placing them in the freezer for approximately 20 minutes. The 
abdomen, legs, the tips of the chelicerae and external mouthparts were removed by 
microdissection in chilled 1x PBS using a pair of small iris scissors. Care was taken not to pierce 
the cephalothorax prior to fixation, in order to avoid hemolymph leakage and shifting of internal 
anatomy. Immediately following dissection, we placed the cephalothorax in 3% 
paraformaldehyde/glutaraldehyde at pH 7.4 in PBS buffer (Electron Microscopy Sciences, PA, 
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USA) and fixed overnight at 4°C. Fixed samples were rinsed three times using fresh PBS with 
light agitation.  
3.2.3 Softening the Exoskeleton 
To soften the exoskeleton, we then placed samples into individual Eppendorf tubes or 
scintillation vials filled with 3 – 5 ml of freshly mixed 10% Nair solution in PBS (Nair Shower 
Power Max, Church & Dwight Co., Inc., NJ, USA; Appendix A) and allowed them to soften for two 
to three weeks at 4°C. The Nair solution was changed weekly. We tested the firmness of each 
exoskeleton by applying light pressure to the top of the cephalothorax with a blunt instrument. 
If the cephalothorax deformed easily under pressure the sample was ready for embedding. If 
not, it was returned to the Nair solution for an additional week. Spiders with thinner cuticles, 
such as Pholcidae, were ready for sectioning after two weeks, while those with thicker cuticles, 
such as Salticidae, needed to soften for three weeks. The volume of Nair solution used varied 
with the size of the spider, but was always enough to completely cover the cephalothorax. 
After softening, we rinsed the Nair from each cephalothorax using PBS and the gently brushed 
the cuticle with a small micro-brush (EasyinSmile Dental, Staten Island, NY, USA) until all Nair 
was removed. We found that it was very important to remove all of the Nair from the external 
cuticle, as residual Nair could diffuse into the embedding matrix and interfere with sectioning. 
The agitation of the brush also seemed to further aid in softening the cuticle. After removing the 
Nair from the surface of the cuticle, we rinsed the cephalothorax by soaking it in fresh 1X PBS 
three times for ten minutes each.  
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3.2.3 Embedding and Sectioning 
To prepare the cephalothorax for embedding, we used iris scissors to remove the sternum by 
carefully cutting pieces of chitin securing it to the leg openings using iris scissors. We then gently 
peeled the sternum away from the spider using fine forceps. Next we made several perforations 
in the dorsal side of the cuticle using a very fine insect minuten pin to allow the embedding 
medium to infiltrate the dorsal portion of the exoskeleton and to help the medium adhere to 
the cuticle. Larger spiders with a thicker cuticle required more perforations than did those with 
a thinner cuticle. Perforations were concentrated around the eyes to ensure the stabilization of 
optical tracks.  
We placed perforated cephalothoraxes into individual Eppendorf tubes filled with 3 – 5 ml of 
warm, pre-made embedding solution (Appendix 2). Cephalothoraxes soaked overnight in a 60°C 
water bath. Using 5 ml micro-beakers (Fisher Scientific, PA, USA) as embedding molds, we 
immersed each cephalothorax in fresh embedding solution (Appendix 2) and allowed them to 
harden overnight at 4°C. We embedded cephalothoraxes dorsal side down. This left excess 
embedding material at the ventral edge of the sample for attaching to the vibratome chuck. 
Excess embedding media was trimmed from sample blocks immediately after removal from the 
4°C refrigerator. If samples became too warm, the embedding media could separate from the 
exoskeleton. In this case, samples were returned to the refrigerator for an hour before re-
trimming. We found that if samples got wet at this stage, the gelatin within the media began to 
melt and caused the sample to pull away from the media. We trimmed embedding media 
leaving a 1 mm excess of media on all sides except the ventral edge of the cephalothorax, where 
we left 2 mm for attachment to the vibratome chuck. Leaving more than 2 mm on the ventral 
edge made the sample unstable during sectioning and led to uneven sections and sometimes 
separation of the sample from the embedding media. After trimming, we placed the samples 
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into 3% paraformaldehyde/glutaraldehyde at pH 7.4 in PBS buffer and allowed them to post-fix 
overnight at 4°C. For very large samples, over 1 cm, we allowed the sample to post-fix for up to 
24 hours.  
After post-fixation, samples were rinsed 3 times for 10 minutes each in fresh washes of 1x PBS.  
We either sectioned samples immediately or stored them in a 20% w/v aqueous sucrose 
solution for up to two weeks. We cut transverse sections using a 1000 Plus Sectioning System 
vibratome (The Vibratome Co., MO, USA) in 4°C PBS. Samples were attached to the chuck by the 
ventral edge with Krazy Glue brand superglue (Krazy Glue, OH, USA) and allowed to dry. Samples 
were aligned in the vibratome with the anterior-posterior axis parallel to the blade's edge. 
Sectioning with the blade passing along the anterior – posterior axis placed too much blade 
pressure on the leading edge of the sample, causing uneven or torn sections. 100 µm sections 
were made with a double-bladed safety blade with the vibratome set to a high amplitude and 
slow speed. Sections were placed into 1x PBS and transferred to free-floating section storage 
solution (FD Neurotechnologies, MD, USA) for storage at -20°C.  
3.2.4 DiI Staining 
Before imaging, we rinsed sections for ten minutes three times in 1x PBS at room temperature.  
Sections were stained with a modified whole head DiI protocol to enhance neural structures 
(Figure 3.3). For staining, we immersed sections in 50% Etoh for 5 minutes, 70% DiI/ETOH 
solution (Appendix  3) for 5 minutes, 70% ETOH for 5 minutes, 50% ETOH for 5 minutes, and 1 X 
PBS for 10 minutes, all under gentle agitation at room temperature and protected from light 
with aluminum foil. Sections were kept in dark conditions in a 20% w/v sucrose solution for 
three to five days at 4°C to allow the stain to perfuse the sample.  
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3.2.5 Imaging 
Prior to imaging, we again rinsed sections for ten minutes three times in 1x PBS. Tissue slices 
were reversibly mounted between two plates of #1-1/2 coverslip glass (Fisher Scientific, PA, 
USA) using Fluoro-Gel III mounting solution containing DAPI (Electron Microscopy Sciences, PA, 
USA). The sandwiched sample was secured to a Fisher Superfrost Plus slide with tape and 
imaged on a Nikon Eclipse Ti confocal microscope, using NIS-Elements AR acquisition software. 
After one side was imaged, the tape holding the sandwiched section was detached from the 
slide, the cover slipped sample was flipped, re-attached to the slide and imaged. After imaging, 
we soaked the sandwiched section in 1X PBS to remove the tissue from cover slips, and the 
section was then placed back into the free-floating storage solution and returned to -20° C. 
3.3 Results 
Samples that were softened prior to embedding sectioned cleanly, without tearing or pulling 
from the embedding material (Figure 3.2).  The addition of perforation and double gelatin-agar 
embedding followed by a second round of fixation decreased tissue loss from sections and 
stabilized the internal tissue, preventing warping or loss of delicate nerve tracks.  The tissue 
stabilization by means of a second, post-fixation step allowed for multiple mounting and 
unmounting of sections without damage. DiI staining provided a method to observe all internal 
nervous structures (Figure 3.3).  
3.4 Discussion 
Spider tissue processed with this method was easy to section and image with little apparent 
damage. Problems associated with muscles pulling away from exoskeleton, torn or lost sections 
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and tissue, and loss of delicate structures were virtually absent. Samples were robust and could 
withstand multiple rounds of imaging, opening up the possibility of comparative imaging 
techniques or multiple staining procedures on the same tissue sample. Additionally, the long 
storage time, up to 6 years at -20° C (FD Neurotechnologies) of free-floating sections allows 
researchers to return samples to perform additional staining. Although agar-gelatin can 
interfere with some antigen sites, the elimination of a dehydration step, or the very limited 
dehydration of the DiI staining, reduces the loss of antigen reactivity and the need for antigen 
retrieval, while preserving tissue cytoarchitecture to the highest extent. It may be possible to 
pre-stain the sample prior to embedding with gelatin-agar, by soaking the perforated, sternum-
removed samples in stain or antibodies, then following the embedding procedure as described 
here.  With gelatin creating an internal matrix that is contained by the exoskeleton, the internal 
relationships of the different tissues was maintained without separating and spreading out, as 
can happen with spiders that have little internal integrity such as the lightly muscled Pholcidae.  
We used this method successfully on spiders ranging in body length from  3 mm - 21 mm and in 
sections ranging in thickness from 70µm- 400µm. This inexpensive and simple method for 
creating thick-whole head sections for spiders will improve the accessibility of these fascinating 
and little understood organisms, especially for studies involving brain or cephalothorax 
structures.   
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Figure 3.1 Diagram of the major brain regions in a typical insect and spider brain. Key for brain regions: AL: Antennal lobe, CB: Central 
body, MB: Mushroom bodies, OL: Optic lobe, SOG: Sub-esophageal mass. Key for general anatomical features: L1-4: Legs one through 
four. The spider diagram also includes the four typical pairs of spider eyes: AME: Anterior Medial Eyes, ALE: Anterior Lateral eyes, PME: 
Posterior medial eyes, PLE: Posterior lateral eyes. The insect diagram is modified from www.springerimages.com. The spider diagram is 
modified from Foelix 2010. 
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Figure 3.2 4x fluorescent stereomicroscope image of a whole head section made with the 
proposed protocol. No staining used. 
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Figure 3.3 Confocal image of the same section from a crab spider brain at 20x magnification (Xysticus ferox: Thomisidae). A. 
Before DiI staining protocol. B. After DiI Staining protocol. 
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CHAPTER 4 
 
VARIATION IN THE VISUAL PROCESSING PATHWAYS OF SPIDERS 
4.1 Introduction 
 Behavior is orchestrated by intricately arrayed nervous systems that collect information from 
the environment, process it, and direct motor outcomes.  Although their brains have far fewer neurons 
than those of vertebrates, arthropods are still capable of producing complex behaviors.  The relatively 
simple brains of arthropods give us the power to develop and test hypotheses about the relationship 
between brain organization, connectivity and behavior more easily than is possible in vertebrates. For 
example, brain lesioning studies in Drosophila have informed our understanding of the neural basis for 
complex behaviors including temperature preference, odor attraction behavior, gustatory associative 
learning, context-dependent learning, habituation and sleep (reviewed in Farris 2011).  In addition, the 
rich species diversity in many groups of arthropods allows for detailed comparative studies that test 
evolutionary hypotheses.  For example, the size and shape of the calyx region of insect mushroom 
bodies, which are primarily linked to the number of antennal lobe glomeruli, is larger in odorant-
sensitive animals than anosmic ones. While this pattern generally holds true, the link breaks down in the 
case of certain hymenopterans whose calyce have incorporated nerves from the optic lobe, and change 
with caste and sex (Strausfeld et al., 1998).  
  Like insects, spiders display a wide range of behaviors and sensory system morphologies, 
making them useful model animals for experimental and comparative studies of behavior, learning and 
morphology. They display many complex behaviors, such as the multimodal mating dances of lycosid 
 40 
spiders, the stealthy hunting strategies of the araneaphagic spider Portia sp. and the labile sociality of 
theridiid spiders. These behaviors all depend on information coming from the spider’s sensory systems. 
Instead of a single pair of compound eyes, spiders have four pairs of camera eyes (Damen et al. 
1998; Barth 2002, . 1). Unlike the compound eye, which is divided into many ommatidia each containing 
independent cornea and photoreceptor cells, spider eyes have a single, undivided cornea which forms 
an image on a retina (Foelix 2010). These eyes are named for their relative positions on the head of the 
spider: one pair of principal eyes (also called the anterior medial eyes or AME), and three pairs of 
secondary eyes, including the anterior lateral eyes, the posterior medial eyes and the posterior lateral 
eyes (ALE, PME and PLE, respectively; Foelix 2010, Figure 4.1A ). The principal eyes and the set of eyes 
that comprise the secondary eyes are two distinct visual systems within the same animal (Strausfeld and 
Barth, 1993; Strausfeld et al., 1993, Figures 4.3 & 4.4). The principal and secondary eyes differ 
morphologically, developmentally, genetically and with respect to the underlying pathways within the 
brain ( Land 1985; Foelix 2010; Schomburg et al. 2015; Samadi et al. 2015). In addition, across different 
spider families the eyes vary greatly in size and morphology (Figure 4.9). This variation is often related to 
natural history traits. For example, in some nocturnal spiders the principal eyes are reduced and one 
pair of the secondary eyes are enlarged.   
The brain of the spider also differs from that of insects (Figure 4.1).  A large portion of the insect’s brain 
is dedicated to the antennal lobe, but spiders have lost their antennal segments and the associated 
brain regions and have instead devoted their brain entirely to vision (Strausfeld, 2012). The move from 
the three segment body plan of insects (the head, thorax and abdomen), to the two segments of spiders 
(the cephalothorax and abdomen) is reflected in the morphology of the central nervous system (Barth 
2002; Damen et al. 1998, Figure 4.2) Instead of the typical ladder nervous system that runs through the 
head, thorax and abdomen of insects, the spider’s central nervous system is condensed within the 
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cephalothorax, where it competes for space with the sucking stomach, leg muscles, digestive diverticula, 
venom glands and fat deposits for space.   
Like other arthropods, the central nervous system is composed of a series of neuropils, dense 
regions of synaptic activity surrounded by a rind of neuronal cell bodies. The brain is separated into two 
major regions defined by their relationship to the esophagus, which bisects the brain (Barth 2002; 
Strausfeld 2012, Figure 4.2). The supraesophageal region is considered to be the true brain of the spider 
and is comprised of the protocerebrum and the deutocerebrum (Strausfeld 2012, Figure 4.2). The 
protocerebrum of the spider is primarily involved in the processing of visual stimulus from the principal 
and secondary eyes. The input from these two sets of eyes enter the brain through different pathways. 
The subesophageal region is comprised of tritocerebrum and leg ganglia (Strausfeld, 2012). The cell 
bodies of the supraesophageal region are concentrated on the anterio-dorsal region of the mass (Barth, 
2002). The cell bodies of the subesophageal mass are concentrated on the anterior and ventral edges of 
the mass (Barth, 2002). 
Comparative studies of spider brain morphology are few in number and the nervous system that 
has been most thoroughly studied is that of the wandering spider Cupiennius salei (Strausfeld, 2012). I 
will use previously published studies on Cupiennius as the basis for the following descriptions of the 
spider’s central nervous system. For a detailed description of these systems see Babu & Barth (1984), 
Strausfeld et al. (1993) and Strausfeld & Barth (1993).  For a list of definitions of terms used in this study 
see Appendix B. 
4.1.1 The Visual Processing Centers of the Principal Eyes   
Each principal eye is associated with an individual lamina and medulla. Information from both 
eyes are combined in the shared arcuate body (Strausfeld et al. 1993, Figure 4.3). The lamina and 
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medulla comprise the first and second order optic neuropils, respectively. These are retinotopic 
neuropils that are similar in structure to the insect’s lamina and medulla, but are in fact convergent 
rather than homologous structures (Strausfeld, 2012). The laminas are anterior and dorsal to the cellular 
rind of the protocerebrum (Barth, 2002; Strausfeld et al., 1993). The lamina then project onto separate 
medullas that are often below the cellular rind of the protocerebrum and more integrated into the main 
protocerebral mass. From the medulla, nerves project into the a shared region with the secondary eye 
optical tract, which then enters the proximal ends of the crescent-shaped arcuate body (Barth, 2002; 
Strausfeld et al., 1993). The arcuate body sits at the posterior of the protocerebrum and is formed of 
two parallel lobes. The lobes are connected by a series of interlacing nerve fiber bundles (Strausfeld, 
2012). The function of the arcuate body is not fully understood, but it may be where visual information 
is integrated with mechanosensory information coming from large tangential inputs, from the 
subesophageal mass (Strausfeld, 2012). Tangential nerves interact with the axons of multiple nerves, 
allowing for simultaneous processing of information from multiple nerves across the arcuate body.  
4.1.2The Visual Processing Centers of the Secondary Eyes  
Each of the spider’s secondary eyes project separate optic nerves onto individual lamina 
(Strausfeld & Barth 1993, Figure 4.4). In Cupiennius, the laminas of the anterior lateral, posterior medial 
and posterior lateral eyes each have a distinctive shape and size, however, the function of this variation 
is not known (Barth, 2002). Relay neurons from the lamina end in spherical terminals or glomeruli, 
which interact with medulla relay neurons that originate in a mass of globuli cells on the perimeter of 
the medulla (Strausfeld, 2012). The axons from the lamina to the medulla do not undergo a complete 
180° chiasma as seen in insects, instead they form chiasmic chunks that each twist 180° independently 
(Strausfeld, 2012). The 180° turn in insects maintains the retinotopic organization of nerves from one 
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neuropil to the next, this allows for panoramic computation of motion across the retina. The function of 
the chiasmic chunking seen in spiders is not fully understood, but it is possible that the chunking of 
retinal information allows for more detailed processing of small movements and could increase the 
accuracy of small field motion detection (Strausfeld, 2012).  Outputs from the medulla all project onto a 
single bilaterally symmetric paired structure called the mushroom bodies. Unlike the complex functions 
attributed to the homologous mushroom body in insects, it is likely that the mushroom body in spiders 
is completely given over to vision and is likely a third-order retinotopic neuropil of the secondary eyes 
(Strausfeld, 2012). However, there is some indication that it also receives inputs from regions in the 
subesophageal mass (Babu and Barth, 1984). Each half of the mushroom bodies are made of three 
distinct units: the head, shaft and haft. The two mushroom bodies are connected by a bridge (Barth, 
2002). The overall shape resembles that of a pair of bicycle handles. Axons from all three medulla enter 
the head of the mushroom body where they form short collaterals, branches in the axon that 
communicate with other cells. They then branch within the shaft, sending fibers into the haft and bridge 
(Barth, 2002; Strausfeld and Barth, 1993). The bridge serves to connect the head, shaft and haft of the 
two sides together. Giant output neurons connect the mushroom body to the protocerebrum and even 
with motor neurons in the subesophageal mass (Barth, 2002; Strausfeld and Barth, 1993). The relatively 
direct connection between retinotopic inputs from the secondary eyes to the motor tracts of the 
subesophageal mass suggest that the mushroom bodies may be functionally similar to the motion-
detecting system in insects (Strausfeld, 2012). In addition to connections between the lamina and 
medulla/mushroom body complex, nerves from the lamina project into the large secondary eye optical 
tract that runs along the lateral edge of the protocerebrum to the ventral edge of the central body 
(Babu and Barth, 1984).  
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4.1.3 The Protocerebrum  
The protocerebrum is largely comprised of tracts connecting the different regions of the visual 
system to each other and to the deutocerebral and subesophageal masses (Babu and Barth, 1984, Figure 
4.5). Input from the subesophageal mass comes from three large fiber tracts: the protocerebro-dorsal 
tract, protocerebro-median tract and the protocerebro-ventral tract (Babu and Barth, 1984). All three 
tracts contribute to the mushroom bodies as well as to other regions with in the protocerebrum (Babu 
and Barth, 1984). The morphology of these tracts indicate they may carry both motor and sensory 
information (Babu and Barth, 1984). Additional fibers from the deutocerebrum contribute to the tracts 
coming from the subesophageal mass (Babu and Barth, 1984). In addition, a large protocerebral 
commissure connects the two sides of the protocerebrum together (Barth, 2002). The input of 
information into the protocerebrum from the rest of the central nervous system supports the idea that 
it serves as an integration center (Babu and Barth, 1984).  
4.1.4 The Deutocerebrum  
The deutocerebrum was once thought to be lost in spiders, but recent genetic information 
indicates that the cheliceral ganglion now forms a large portion of the spider’s deutocerebrum (Sharma 
et al., 2012; Strausfeld, 2012). Large nerves originating from the chelicerae enter the deutocerebrum, 
which sits directly below the protocerebrum (Barth, 2002, Figure 4.6). Nerves from the deutocerebrum 
enter the pharynx and poison glands of the spider. Large transverse tracts connect the two bilateral 
halves of the deutocerebrum (Barth, 2002). Fiber tracts also connect the deutocerebrum to the 
protocerebrum and the subesophageal mass (Barth, 2002).  In the embryonic spider , the 
deutocerebrum originates in the subesophageal mass, moving up to join the protocerebrum during 
development (Barth, 2002).  
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4.1.5 The Subesophageal Mass   
The subesophageal mass is the largest region of the spider central nervous system. In Cupiennius 
it makes up about 85% of the total CNS (Barth, 2002). It is formed from the fusion of the tritocerebrum, 
leg and abdominal ganglia, along with afferents from all sensory systems except the eyes (Barth, 2002; 
Strausfeld, 2012, Figure 4.7). Transverse and longitudinal tracts are large and readily seen.  Six pairs of 
longitudinal motor tracts run from the posterior to the anterior edge of the subesophageal mass, 
connecting the regions within the mass to each other and anteriorly to the protocerebrum (Babu and 
Barth, 1984). Five additional longitudinal tracts appear in the center of the mass (Babu and Barth, 1984). 
Stacked dorso-ventrally, these tracts likely carry sensory information. In addition to longitudinal tracts, 
transverse tracts exist for both motor and sensory information (Babu and Barth, 1984). Sensory 
afferents coming from the leg neuromeres form two ventral sensory integration centers, VSA1 and 
VSA2. VSA1 sends tracts to the sensory longitudinal tracts and across the subesophageal mass to the 
ipsilateral side. VSA2 contributes to the motor regions within the subesophageal mass (Babu and Barth, 
1984).  
4.1.6 Cell Types of the Central Nervous System  
There are four major cell types found in the spider central nervous system (Babu & Barth 1984, 
Figure 4.8). Typical of arthropod nervous systems, the cell soma form a rind around the exterior of the 
neuropil. The interior of the neuropil is comprised of nerve fibers and glial components. Type A cells, 
also called globuli cells, are the smallest cells and are restricted to a mass at the base of the optical tract 
(Babu and Barth, 1984). These cells are T shaped with one axonal projection forming the glomeruli cells 
of the secondary eye medullae and the second projecting into the head of the mushroom bodies (Barth, 
2002). Type B cells are medium sized cells that make up most of the cell bodies in the central nervous 
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system (Babu and Barth, 1984). Type C cells are large cells that are found on the dorsal edge of the 
protocerebral cellular rind and at the periphery of the cheliceral nerve in the deutocerebrum (Babu and 
Barth, 1984).  It is likely that these cells have are neurosecretory cells (Babu and Barth, 1984). Type D 
cells are the largest cells in the central nervous system and are restricted to the mid-ventral edge of the 
subesophageal cellular rind. These cells are likely motorneurons or act as interneurons (Babu and Barth, 
1984).  
4.1.7 Chapter Goals 
 In this chapter I will present descriptions of the volume, morphology and connections of the 
visual pathways with in the brains of spiders representing 19 families that span the order of Araneae 
(Figure 4.9). In addition, I will present relative volumetric measurements for all major regions within the 
brain. Although not the focus of the study, I will also present limited descriptions of the deutocerebrum 
and subesophageal mass, highlighting major variations in gross morphology.  
4.2 Methods 
Lifestyle characteristics, such foraging, have been shown to influence the morphology of the vertebrate 
and insect brain (Farris 2008a). In order to increase the likelihood of capturing brain variation between 
species, I selected families that vary in foraging strategies, from active diurnal and nocturnal hunters, to 
sedentary web and trap building spiders. The selected families also vary greatly in the size and 
arrangement of their eyes (Figure 4.9). I sampled spiders from 19 different families: Agelenidae, 
Amaurbiidae, Antrodiaetidae, Araneidae, Ctenidae, Deinopidae, Filistatidae, Hypochilidae, Lycosidae, 
Miturgidae, Nephilidae, Oxyopidae, Philodromidae, Pholcidae, Pisuridae, Salticidae, Scytodidae, 
Theridiidae and Thomisidae. Phylogenetic relationships between spiders were determined using 
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Coddington (2005) and updated with information from the World Spider Catalog (2015). Spider natural 
history and eye morphology are modified from Ubick et al. (2005), Howell & Jenkins (2004) and Bradley 
(2013). Spiders ranged from 3mm to 21mm in length. Spiders were collected from fields in western 
Massachusetts, USA; Archbold Biological Station, FL, USA; or Jacksonville, FL, USA from 2012-2014. 
Antrodiaetidae were purchased from BugsInCyberspace.com, Oregon, USA. Prior to dissection, spiders 
were housed in 18 X 13 X 10 cm clear plastic cages, were fed crickets (Acheta domesticus) weekly and 
had constant access to water. Spiders were typically housed for less than two weeks prior to dissection.  
 Spiders were processed and imaged using the protocol detailed in Chapter 3. I imaged 2µm 
optical sections for the visual centers and protocerebrum and 10µm optical sections for the 
deutocerebrum and the subesophageal mass. I used NIS-Elements Viewer (version 4.20.00; Laboratory 
Imaging, Nikon Instruments Inc., NY, USA) to export the native confocal files to tiffs and adjust LUTs as 
needed. Exported images were aligned and ordered using Reconstruct for Windows (version 1.1.0.0; 
SynapseWeb). Pixel size and section thickness were calibrated in Reconstruct using meta-data collected 
from the native confocal files.  For descriptions of the visual centers and the protocerebrum, I used the 
aligned and ordered 2µm section. For volumetric measurements, I traced every fifth 2µm section for the 
protocerebrum and every 10µm section for the deutocerebrum and subesophageal mass. Sample sizes 
for spiders used for volumetric measurements and descriptions differed and are listed in Tables 1 - Table 
5. In Reconstruct, I traced the following regions for volumetric measurements: the lamina and medulla 
for the principal and secondary eyes, the mushroom bodies, the arcuate body, the protocerebrum not 
associated with the neuropils of the visual system, the protocerebral cellular rind, the deutocerebrum, 
the deutocerebral cellular rind, the subesophageal mass (incorporating the tritocerebrum) and the 
cellular rind of the subesophageal mass. The boundary between the deutocerebrum and the 
protocerebrum can be difficult to determine without injecting tracers into the cheliceral nerve. In this 
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study, I defined the start of the deutocerebrum to be the section in which the cheliceral ganglion 
merged with the larger deutocerebral mass. Similarly, I defined the start of the subesophageal mass to 
be the section where the pedipalp ganglions formed. After tracing all regions, I exported the volumetric 
values from Reconstruct and imported them into Excel 2013 for Windows and were used to calculate 
relative volumes.  
 
4.3 Results 
4.3.1 General Results 
All spiders shared the same three major divisions of the central nervous system: the 
protocerebrum, the deutocerebrum and the subesophageal mass. The subesophageal mass was 
consistently the largest region of the central nervous system, followed in relative volume by the 
protocerebrum and finally the deutocerebrum (Table 4.1). The gross morphology of the subesophageal 
mass and the deutocerebrum were relatively constant with a few exceptions detailed below. The 
organization of the principal eye visual pathway remained consistent with a lamina, medulla and arcuate 
body (Table 4.5), although the relative volume of these regions varied between spiders (Tables 4.2 & 
4.3).  
The largest morphological difference between brains was in the visual pathway of the secondary 
eyes (Tables 4.2 & 4.4-4.5). Based on the organization of the secondary eye visual pathway, spiders in 
this study can be placed into four general groups. Group One spiders are missing both the secondary eye 
medulla and the mushroom bodies, but do have secondary eye lamina. This group includes 
Antrodiaetidae, Hypochilidae, Filistatidae and Pholcidae. Group Two have both a well-formed lamina 
and large mushroom bodies, but no visible medulla. This group includes Deinopidae and Araneidae. 
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Group Three have large lamina and structures that could be very underdeveloped medulla and 
mushroom bodies. This group includes Nephilidae, Theridiidae, Agelenidae, Amaurobiidae and 
Eutichuridae. In Group Four, all aspects of the secondary eye visual pathway lamina, medulla and 
mushroom bodies are well developed and easily identified. This group includes Philodromdae, 
Thomisidae, Salticidae, Ctenidae, Oxyopidae, and Pisuridae. Within groups the morphology and the 
relative volume of the components within the secondary eye pathway varied (Tables 4.1-4.4).  
4.3.2 Individual Descriptions 
4.3.2.1 Antrodiaetidae (Antrodiaetus pacificus (Simon, 1884))  
4.3.2.1.1 Natural History 
Antrodiaetidae is a family of nocturnal mygalomorph spiders with three genera and 26 species 
found in a widespread distribution in North America (Ubick et al. 2005). Antrodiaetus pacificus, 
informally called the folding-door spider, make their home in silk lined burrows with a distinctive silk 
collar at the entrance. The collar can be collapsed, hiding the entrance. During their active periods, 
spiders open the collar and detect prey via vibratory signals (Ubick et al., 2005).  
4.3.2.1.2 Eye Organization 
 The eight eyes are closely grouped together on a slight protuberance from the anterior medial 
edge of the cephalothorax. Eyes are relatively consistent in size, but the anterior lateral pair is the 
largest (Ubick et al. 2005, Figure 4.10).  
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4.3.2.1.3 Principal Eye Visual Pathway  
The visual pathway of the principal eyes in Antrodiaetus pacificus consists of paired principal eye 
laminae, medullae and an unpaired arcuate body (Figure 4.10). The principal eye laminae sit dorsal to 
the main protocerebral mass and the visual pathway of the secondary eyes. They are visited on the 
anterior border by the optic nerves of the principal eyes. The laminae are densely packed ovoid shapes 
surrounded by soma, although it is unclear which soma are associated with the neuropil and not with 
the main protocerebral mass. A nerve tract connects the principal eye laminae to the principal eye 
medullae. No clear optic chiasmas are seen between the principal eye laminae and the principal eye 
medullae. The principal eye medullae are not as isolated from the protocerebral mass as the principal 
eye laminae. In fact, the ventral side of the principal eye medullae are indistinct from the protocerebral 
mass. The principal eye medullae are sausage shaped structures that run medial to the secondary eye 
optical tract. Nerve tracts on the lateral edge of the principal eye medullae appear to join with the 
secondary eye optical tracts and progress into the lateral phalange of the arcuate body.  
The arcuate body is the by far largest of the principal eye optic neuropils, followed by the 
principal eye laminae and the principal eye medullae, respectively (Table 4.3, Figure 4.49). The arcuate 
body begins at the most dorsal region of the brain. Multiple layers of tangled nerve fibers, likely 
belonging to tangential nerves can be seen within the arcuate body, especially within the dorsal region.  
Large columnar tracts coming from groups of soma on the posterior and anterior edges of the arcuate 
body progress across the entire width of the region. These appear largely in the center of the mass and 
are not as apparent in the most dorsal or posterior regions.  
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4.3.2.1.4 Secondary Eyes Visual Pathway 
The secondary eye system does not appear to be as complex as that of the principal eyes, it 
consists only of paired laminae, with no clear medullae or mushroom bodies (Figure 4.11). The 
secondary eye laminae sit slightly ventral to the principal eye laminae and are visited on the anterior 
edge by the optic nerves from the secondary eyes. They are an indistinct shape that is likely formed 
from the lamina of each individual secondary eye, as is seen in most spiders, although it is very difficult 
to distinguish each individual region. The laminae are surrounded by the soma of cell bodies, but similar 
to the principal eyes, it is not possible to identify which soma serve the laminae. Nerve fibers exit the 
posterior edge of the laminae and enter into finger-like protrusions from the protocerebral mass to form 
the secondary eye optical tracts. What appears to be optic chiasmas can be seen between the laminae 
and the protrusion. Nerve fibers from the secondary eyes progress along the lateral edge of the 
protocerebrum and appear to travel to the anterior side of the ventral edge of the arcuate body. From 
here, they likely communicate with the arcuate body as well as communicate with tracts leading to the 
subesophageal mass (Babu and Barth, 1984), although this cannot be clearly identified in the current 
study. 
4.3.2.1.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass, the portion of the protocerebrum not associated with 
visual neuropils, is the largest region of the protocerebrum (Table 4.2, Figure 4.48). The protocerebrum 
itself is the second largest portion of the total brain, with the subesophageal mass being the largest and 
the deutocerebrum the smallest (Table 4.1, Figure 4.47). The protocerebral mass is horseshoe shaped 
with the laminae and medullae at the anterior side and the arcuate body at the posterior. Consistent 
with Babu & Barth (1984), several large nerve tracts can be easily seen: the protocerebral dorsal tract, 
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the protocerebral commissure, the ventral medial tract are the most easily seen. Most conspicuously 
absent are the nerve tracts formed from the mushroom body of the secondary eyes, which are highly 
visible in spiders such as Salticidae (Hill, 2006) and Cupiennius (Strausfeld and Barth, 1993). The soma 
serving the protocerebrum are mostly confined to the dorsal and anterior regions of the mass. Likely 
these correspond to the Type B cells identified by Babu & Barth (1984) that comprise a majority of cell 
bodies within the spider brain.  
4.3.2.1.6 Deutocerebrum 
The deutocerebrum sits ventral to the protocerebrum and the division between the two is 
difficult to determine. The deutocerebrum is the smallest region of the brain (Table 4.2, Figure 4.48). 
Robust nerves coming from the chelicera appear dorsally to where they merge with the main central 
nervous mass. They are associated with the appearance of large soma that sit at the periphery of where 
the nerve enters the cellular rind of the protocerebrum. These soma seem to be similar in location to 
the Type C cells described by Babu & Barth (1984), which they described as likely neurosecretory cells. 
The cheliceral ganglion is a large ovoid neuropil that forms within the cellular rind anterior to the main 
central nervous mass and joins the mass just dorsal to the esophageal foramen. The ventral side of the 
deutocerebrum is divided by the esophageal foramen and the two halves rejoin each other in a bridge of 
nerve fibers at the posterior edge of the esophageal foramen. As with the division between the 
protocerebrum and the deutocerebrum, the division between the deutocerebrum and the 
subesophageal mass is not clear.  
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4.3.2.1.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous system (Table 4.1, Figure 
4.47). It begins at the ventral edge of the esophageal foramen, where the pedipalp ganglion enter the 
cellular rind and join with the larger mass forming the tritocerebrum. It is bilateral in appearance with all 
tracts and ganglia being reflected on each side. The pedipalp, leg and abdominal ganglia form large 
ovoid protrusions that extend of from the main mass. Each of these ganglia are well formed and easily 
identified. Lateral and transverse tracts identified by Babu & Barth (1984) are visible and robust, 
although the identification of each individual tract and the two ventral sensory areas are not within the 
scope of this study and would be better evaluated with a different technique, such as silver staining. The 
cell bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of 
the mass. Along the ventral edge, especially along the midline, are very large cells which appear to be 
the Type D cells identified as either motor or interneurons by Babu & Barth (1984).  
4.3.2.2 Hypochilidae (Hypochilus sp. Marx 1888a)  
4.3.2.2.1 Natural History 
Hypochilidae or lampshade weavers are basal family of Araneoporphae spiders, with only one 
genus with ten species found in the US (Ubick et al. 2005). Their cheliceral morphology is midway 
between the diaxial Araneoporphae and the paraxial Mygalomorphae position (Ubick et al., 2005). 
Unusually, the venom glands do not extend into the cephalothorax and are contained within the 
chelicera (Ubick et al., 2005). Spiders in the genus Hypochilus are medium sized with body lengths 
between 10 – 20 mm (Ubick et al., 2005).  
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4.3.2.2.2 Eye Organization 
 Hypochilus have eight eyes. The principal eyes are small and located between two triads formed 
from the secondary eyes (Figure 4.12). 
4.3.2.2.3 Principal Eye Visual Pathway  
The visual pathway of the principal eyes in Hypochilus sp. consists of the paired principal eye 
lamina, medulla and the unpaired arcuate body (Figure 4.12). The principal eye laminae sit slightly dorsal 
to the main protocerebral mass and the visual pathway of the secondary eyes. They are visited on the 
anterior edge by an optic nerve coming from the principal eyes. The principal eye laminae are less well 
formed than that of A. pacificus, lacking that species defined shape. The principal eye laminae are 
surrounded by soma, although it is unclear which soma are associated with the neuropil and not with 
the main protocerebral mass. The principal eye laminae sit very close to the anterior lateral edge of the 
protocerebral mass. A nerve tract running along the lateral edge of the protocerebral mass connects the 
principal eye laminae to the principal eye medullae. No clear optic chiasmas are seen. The principal eye 
medullae are not well defined and are quickly lost in the main protocerebral mass. The principal eye 
medullae are indistinct ovoids sitting on the lateral edge of the protocerebral mass halfway between the 
principal eye laminae and the arcuate body. Nerve tracts from principal eye medullae appear to join 
with the secondary eye optical tracts and progress into the lateral phalange of the arcuate body. The 
arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figures 4.12 & 4.49). The 
arcuate body appears to be less dorsally oriented than in A. pacificus, being ventral to the appearance of 
both the principal eye optic neuropils and the secondary eye optic neuropils. The arcuate body is similar 
in shape to A. pacificus. It has multiple layers of tangential nerves, especially within the dorsal region, 
and large columnar tracts in the central region.  
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4.3.2.2.4 Secondary Eyes Visual Pathway 
Similar to A. pacificus, the secondary eye system is reduced, with the paired secondary eye 
laminae being the only visible neuropils (Figure 4.13). In contrast, the secondary eye laminae are much 
more clearly formed than that in A. pacificus. The secondary eye laminae are ovoid shaped neuropils 
that sit slightly ventral  to the principal eye laminae and are visited on the anterior edge by the optic 
nerves from the secondary eyes. Within each ovoid, three similarly shaped divisions can be seen; the 
division is more clearly defined along the anterior edge. These divisions are likely formed by the three 
separate lamina for each secondary eye. The laminae are surrounded by the soma of cell bodies, 
especially along the lateral and medial edges of the nerve tract connecting the secondary eye laminae 
with the main protocerebral mass. Nerve fibers exit the posterior edge of the laminae and enter into 
thick protrusions from the protocerebral mass forming the secondary eye optical tracts. What appears 
to be optic chiasmas can be seen between the laminae and the secondary eye optical tracts. Nerve 
fibers from the secondary eyes progress along the lateral edge of the protocerebrum and appear to 
travel to the ventral anterior edge of the arcuate body.  
4.3.2.2.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The undifferentiated protocerebral mass is horseshoe shaped, although there appears to 
be more tissue in the medial region of the mass compared to A. pacificus.  The laminae and medullae sit 
at the anterior side and the arcuate body at the posterior. As with A. pacificus, the major nerve tracts 
can be seen, with the exception of the tracts normally associated with a mushroom body. The soma 
serving the protocerebrum are mostly confined to the dorsal and anterior regions of the mass. The soma 
of these cells are consistent in size and likely correspond to the Type B cells identified by Babu & Barth 
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(1984) that comprise a majority of cell bodies within the spider brain. However, several Type C cells can 
be seen on both the anterior and dorsal edge of the protocerebrum.  
4.3.2.2.6 Deutocerebrum 
As with A. pacificus, the deutocerebrum is the smallest region of the central nervous mass 
(Table 4.1, Figure 4.47). Robust nerves coming from the chelicera appear dorsally to where they merge 
with the deutocerebrum. They are associated with the appearance of large soma of Type C cells that sit 
at the periphery of where the nerve enters the cellular rind of the protocerebrum. Each paired cheliceral 
ganglion is a large ovoid neuropil, which appears slightly flattened along the anterior/posterior plane. 
Unlike A. pacificus, the cheliceral ganglion quickly joins with the main protocerebral mass dorsal to the 
esophageal foramen. The ventral side of the deutocerebrum is divided by the esophagus and the two 
halves rejoin each other in a bridge of nerve fibers that forms at the posterior edge of the esophageal 
foramen.  
4.3.2.2.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous system (Table 4.1, Figure 
4.47). The overall shape is very similar to that of A. pacificus. The pedipalp, leg and abdominal ganglia 
are easily seen and there are large robust lateral and transverse tracts. The cells bodies of the 
subesophageal mass are largely restricted to a layered rind along the ventral edge of the mass with large 
type D cells along the medial line of the cellular rind.  
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4.3.2.3 Filistatidae (Kukulcania hibernalis (Hentz, 1847))  
4.3.2.3.1 Natural History 
Filistatidae are sedentary spiders that spend most of their lives hiding in crevices (Ubick et al. 
2005). There are three genera and seven species found in North America. Kukulcania hibernalis or the 
southern house spider is a large (13 – 19 mm, Howell & Jenkins 2004) crevice weaver (Bradley, 2013) 
and is the most familiar of the group (Ubick et al., 2005). They build tube-like burrows in tight crevices 
which they line with silk. Prey capture and signaling lines extend out from the mouth of the burrow 
(Ubick et al., 2005). They can be found under rocks, logs and often on buildings (Bradley, 2013; Ubick 
et al., 2005).  
4.3.2.3.2 Eye Organization 
 Typical of the group, Kukulcania hibernalis have eight eye. The principal eyes are small 
and located between two triads formed from the secondary eyes (Figure 4.14). The eyes are restricted 
to a raised mound on the anterior dorsal edge of the cephalothorax (Ubick et al., 2005).  
4.3.2.3.3 Principal Eye Visual Pathway  
Kukulcania hibernalis has the least robust visual system of any spider in this study (Figures 4.14 
& 4.48). The principal eye visual pathway consists of tiny paired principal eye laminae, medullae and the 
unpaired arcuate body. The principal eye laminae sit slightly dorsal to the main protocerebral mass, but 
appear to be in plane with the laminae of the secondary eyes.  They are visited on the anterior edge by 
the optic nerve of the principal eyes. The optic nerve is very difficult to track as it runs between large 
honeycombed vacuole-shaped structures of unknown function that fill the majority of the 
cephalothorax. The principal eye laminae are ovoid in shape, though less well formed than that of A. 
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pacificus. The principal eye laminae are surrounded by soma that merge with the soma of the neuropils 
of the secondary eyes and the protocerebral mass. A nerve tract running through the lateral edge of the 
dorsal cellular rind of the protocerebral mass connects the principal eye laminae to the principal eye 
medullae. Optic chiasmas can be seen between the principal eye laminae and the principal eye 
medullae. The principal eye medullae form dorsally from the rest of the protocerebral mass, but typical 
of other spiders the ventral edge is lost in the main protocerebral mass. Nerve tracts from principal eye 
medullae appear to join with the secondary eye optical tracts and progress into the lateral phalanges of 
the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is the most dorsal of the protocerebral neuropils. The whole protocerebral region is so 
small that the arcuate body almost appears to the split by the intrusion of the esophageal foramen.  
Rather than the lateral edges of the arcuate body being largely in plane with the rest of the neuropil, the 
medial region is pushed dorsally, while the lateral arms sink ventrally along the posterior lateral edge of 
the protocerebral mass. The arcuate body is well-formed, with several layers of tangential nerves. Two 
of these layers are very well defined, one along the horizontal midline of the arcuate body and the 
second appearing slightly anterior. Large columnar tracts appear to progress from soma at the posterior 
edge of the arcuate body and move ventrally to the anterior edge.  
4.3.2.3.4 Secondary Eyes Visual Pathway 
Similar to A. pacificus and Hypochilus sp., the secondary eye system is reduced with the 
secondary eye laminae being the only visible neuropils (Figure 4.15). However, in K. hibernalis, the 
secondary eye laminae are so reduced that no distinction between the individual lamina of the three 
eyes can be seen. The laminae are surrounded by the soma of cell bodies, especially along the lateral 
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and medial edges of the nerve tract connecting the principal eye medullae with the main protocerebral 
mass. Nerve fibers exit the posterior edge of the laminae and enter into long thin protrusion from the 
protocerebral mass forming the secondary eye optical tracts. Optic chiasmas can be seen between the 
laminae and the secondary eye optical tracts.  Nerve fibers from the secondary eyes progress along the 
lateral edge of the protocerebrum and appear to travel to the ventral anterior edge of the arcuate body.  
4.3.2.3.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebral mass very underdeveloped in the medial area compared to other 
spiders; almost all of the mass is restricted to the lateral edges.  The laminae and medullae sit lateral 
edge of the anterior side and the central body at the posterior. As with A. pacificus, the major nerve 
tracts can are visible, with the exception of the tracts normally associated with a mushroom body. 
However, the tracts are closer to the beginning of the esophageal foramen, with the protocerebral 
commissure appearing in the same plane. This gives the protocerebral mass an almost winged 
appearance (Figure 4.15).  The soma serving the protocerebrum are mostly confined to the dorsal and 
anterior regions of the mass. The soma of these cells are consistent in size and likely correspond to the 
Type B cells identified by Babu & Barth (1984) that comprise a majority of cell bodies within the spider 
brain. However, several Type C cells can be seen on the dorsal edge of the protocerebral rind.  
4.3.2.3.6 Deutocerebrum 
As with A. pacificus, the deutocerebrum is the smallest region of the central nervous mass 
(Table 4.1, Figure 4.47). Robust nerves coming from the chelicera appear dorsally to where they merge 
with the main central nervous mass. They are associated with the appearance of large soma of Type C 
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cells that sit at the periphery of where the nerve enters the cellular rind of the protocerebrum. Prior to 
the merging of the cheliceral ganglion, but in the same plane as the appearance of the cheliceral nerve 
within the cellular rind, two large bulbous protrusions appear in the protocerebral mass. Because I 
defined the beginning of the deutocerebrum as the section where the cheliceral ganglion joined the 
central nervous mass, I measured this region as part of the protocerebrum. However, I cannot 
determine if these are part of the protocerebrum or the deutocerebrum. As the bulbous regions are well 
below any identifiable protocerebral nerve tracts and they are located on either side of the esophagus, 
it is possible that they are part of the deutocerebrum. The bulbous protrusions retreat posteriorly and 
are replaced by the large teardrop shaped cheliceral ganglia.  The cheliceral ganglia join with the 
deutocerebrum at a more ventral position, in relation to the esophageal foramen, than in other spiders 
and retreat into the subesophageal mass as the esophagus exits. 
4.3.2.3.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of A. pacificus with the pedipalp, leg and abdominal 
ganglia being easily seen and with robust lateral and transverse tracts. However, the laterally 
compressed cephalothorax caused the most dorsal of the longitudinal and transverse tracts to appear in 
the same plane as the deutocerebrum. The cell bodies of the subesophageal mass are largely restricted 
to a layered rind along the ventral edge of the mass with large type D cells along the medial line of the 
cellular rind. However, several small groups of soma appear at the midline junctions between the 
longitudinal and transverse tracts throughout the subesophageal mass.  
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4.3.2.4 Pholcidae (Pholcus phalangioides (Fuesllin 1775))   
4.3.2.4.1 Natural History 
Pholcidae is a wide-spread family of cellar spiders with 12 genera and 34 species found in North 
America (Ubick et al. 2005). Pholcus phalangioides is a commonly found and widely distributed medium 
sized (7 – 8 mm) cellar spider (Bradley, 2013; Howell and Jenkins, 2004). They can be identified by their 
long thin abdomen and their distinctive habit of rapidly vibrating their bodies against their webs if 
disturbed (Bradley, 2013; Ubick et al., 2005). The females carry egg sacs grasped between their chelicera 
(Ubick et al., 2005). The webs are a mass of tangled silk with no clear pattern (Ubick et al., 2005).  
4.3.2.4.2 Eye Organization 
 While some members of this family have a reduced number of eyes, P. phalangioides has all 
eight eyes. The principal eyes are small and located between two raised triads formed from the 
secondary eyes (Figure 4.16, Howell & Jenkins 2004; Ubick et al. 2005).  
4.3.2.4.3 Principal Eye Visual Pathway  
The optical neuropils of Pholcus phalangioides are very poorly developed, and only the laminae 
of the principal eyes can be clearly seen (Figure 4.16). It is likely that the medullae exist, but are too 
integrated with the protocerebral mass to be identified. Nearly all of principal eye visual pathway is 
comprised of the arcuate body, which is 99.3% of the total principal eye visual pathway volume (Table 
4.3, Figure 4.49). The principal eye laminae sit slightly dorsal to the main protocerebral mass. Rather 
than sitting at the anterior edge of the protocerebral mass, as seen in K. hibernalis, they are located 
closer to the horizontal midline.  The laminae are visited along the anterior edge by optic nerves coming 
from the principal eyes. Similar to K. hibernalis, the optic nerves run between large honeycombed 
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vacuole-shaped structures of unknown function which obscure their path. The principal eye laminae are 
vaguely ovoid in shape. The principal eye laminae are surrounded by soma. The location of the laminae 
makes differentiating between the soma of the laminae and the undifferentiated protocerebral mass 
impossible. The lack of clear medullae makes tracking the nerves from the laminae to the arcuate body 
difficult. The arcuate body is well formed, with several layers of tangential nerves. Two of these layers 
are very well defined, one along the horizontal midline of the arcuate body and the second appearing 
slightly anterior. Large columnar tracts appear to progress from soma at the posterior edge of the 
arcuate body ventrally to the anterior edge. The posterior edge of the arcuate body is compressed by 
the esophagus.  
4.3.2.4.4 Secondary Eyes Visual Pathway 
Similar to A. pacificus, Hypochilus sp. and K. hibernalis, the secondary eye system is reduced 
with the secondary eye laminae being the only visible neuropils (Figure 4.17, 4.50). Similar to K. 
hibernalis, the secondary eye laminae are so reduced that no distinction between the lamina of the 
three secondary eyes can be seen. The secondary eye laminae are surrounded by the soma of cell 
bodies, especially along the lateral and medal edges of the nerve tract connecting the secondary eye 
laminae with the undifferentiated protocerebral mass. Nerve fibers exit the posterior edge of the 
secondary eye laminae and enter into long thin protrusions from the undifferentiated protocerebral 
mass and join the secondary eye optical tracts. Faint optic chiasmas can be seen between the laminae 
and the secondary eye optical tract.  The secondary eye optical tracts progress along the lateral edge of 
the protocerebrum and appear to travel to the ventral anterior edge of the arcuate body.  
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4.3.2.4.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the central nervous mass, with 
the deutocerebrum being the smallest and the subesophageal mass the largest (Table 4.1). The laminae 
and medullae sit on the lateral edge of the anterior side and the arcuate body is at the posterior. The 
major nerve tracts can be seen, with the exception of the tracts normally associated with a mushroom 
body. The protocerebral commissure is well formed and easily seen. The soma serving the 
undifferentiated protocerebral mass are mostly confined to the dorsal and anterior regions of the mass. 
These cells are largely Type B cells, however, several Type C cells can be seen on the dorsal edge of the 
protocerebral rind.  
4.3.2.4.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.48). 
The nerves coming from the chelicera are not very robust. They are associated with the appearance of 
large soma of Type C cells that sit at the periphery of where the nerve enters the cellular rind of the 
protocerebrum.  The cheliceral ganglia joins with the deutocerebrum almost immediately after 
appearing within the cellular rind.  Similar to K. hibernalis, the cheliceral ganglia appear dorsally to the 
esophageal foramen and progress ventrally past the closure of the foramen. Two bulbous protrusions 
are also visible ventral to the protocerebral commissure, but dorsal to the joining of the cheliceral 
ganglion to the deutocerebrum. These protrusions are not as distinct as seen in K. hibernalis. The cell 
bodies of the deutocerebrum are restricted to the anterior edge and appear to be Type B cells. 
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4.3.2.4.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders within the study, with the pedipalp, leg 
and abdominal ganglia being easily seen and with large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind.   
4.3.2.5 Scytodidae (Scytodes thoracica (Latreille 1802a)) 
4.3.2.5.1 Natural History 
Scytodidae are known as spitting spiders for their unusual prey capture method. The spider 
slowly stalks its prey until it is within a few centimeters, then spits a subduing mixture of glue and 
venom (Bradley, 2013; Ubick et al., 2005). Once the prey is immobilized, the spider approaches and 
administers a final bite (Bradley, 2013). Scytodes thoracica is a smallish spider (4 – 5.5 mm) and is often 
found on or around buildings (Howell and Jenkins, 2004; Ubick et al., 2005). The posterior of the 
cephalothorax has an unusual dome shape to accommodate the large venom/glue glands (Bradley, 
2013; Ubick et al., 2005).  
4.3.2.5.2 Eye Organization 
 Scytodes thoracica has six eyes; the principal eyes are missing. The remaining eyes are arranged 
in three groups of two with the posterior median eyes taking the most medial positions flanked by the 
two sets of lateral eyes (Figure 4.18, Ubick et al. 2005). 
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4.3.2.5.3 Principal Eye Visual Pathway  
Scytodes thoracica lacks principal eyes and as a result, there are no laminae or medullae present 
in the protocerebrum (Figures 4.18 & 4.49). However, the arcuate body is still present. The arcuate body 
is well formed, with several layers of tangential nerves are visible, but less so than in other spiders in this 
study. Large columnar tracts appear to progress from soma at the posterior edge of the arcuate body 
ventrally to the anterior edge. In contrast to the arcuate bodies of K. hibernalis and P. phalangioides, the 
arcuate body ends dorsally to the intrusion of the esophagus.  
 
4.3.2.5.4 Secondary Eyes Visual Pathway 
Similar to A. pacificus and Hypochilus sp., K. hibernalis and P. phalangioides, the secondary eye 
system is reduced with the secondary eye laminae being the only visible neuropils (Figures 4.18 & 4.50). 
The secondary eye laminae are indistinct sausage shaped regions, with the divisions between lamina of 
the three secondary eyes not clearly visible. The laminae are surrounded by the soma of cell bodies, 
especially along the proximal and distal edges of the nerve tract connecting the secondary eye laminae 
with the secondary eye optical tracts. Nerve fibers exit the posterior edge of the laminae and enter 
short, thick protrusions from the undifferentiated protocerebral mass and join the secondary eye optical 
tracts. Very faint optic chiasmas can be seen between the laminae and the secondary eye optical tracts.  
In general, nerve tracts in Scytodes are not as well defined by the current method as in other spiders. 
The secondary eye optical tracts progress along the lateral edge of the protocerebrum and appear to 
travel to the ventral anterior edge of the arcuate body.  
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4.3.2.5.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the central nervous mass (Table 
4.1, Figure 4.47). The laminae and medullae sit on the lateral edge of the anterior side and the arcuate 
body is at the posterior. The major nerve tracts can be seen, with the exception of the tracts normally 
associated with the mushroom bodies. The protocerebral commissure can be seen, but is less robust 
than seen in other spiders in this study.  The soma serving the undifferentiated protocerebral mass are 
mostly confined to the dorsal and anterior regions of the mass. However, the posterior rind associated 
with the arcuate body is thicker than in spiders previously described in this study. These cells are largely 
Type B cells; however, several Type C cells can be seen on the dorsal edge of the protocerebral rind. 
4.3.2.5.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are more robust than seen in P. phalangioides, though less robust 
than seen in A. pacificus or Hypochilus. They are associated with the appearance of large soma of Type C 
cells that sit at the periphery of where the nerve enters the cellular rind of the protocerebrum, 
especially along the dorsal border.  The cheliceral ganglia joins with the deutocerebrum almost 
immediately after appearing within the cellular rind. The start of the deutocerebrum is dorsal to the 
division of the region by the esophagus. The deutocerebrum lacks the bulbous protrusions seen in K. 
hibernalis and less so in P. phalangioides. The cell bodies of the deutocerebrum are largely restricted to 
the anterior edge, with a small patch of soma along the lateral edges of the mass. Cells appear to be 
Type B cells. 
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4.3.2.5.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in this study with the pedipalp, leg and 
abdominal ganglia being easily seen and with large robust lateral and transverse tracts. The pedipalp 
ganglia form before the closure of the esophageal foramen, which raises the question of where the two 
halves of the deutocerebrum are joined by a commissure. In most spiders, this occurs at the posterior 
edge of the deutocerebrum forming as the esophagus exits. The leg ganglia, especially of the two pairs 
of anterior legs are extremely bulbous, compared to the more oval shape seen in most spiders. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind.    
4.3.2.6 Deinopidae (Deinopis spinosa Marx 1889b) 
4.3.2.6.1 Natural History 
Deinopis spinosa, or the ogre faced spider, is the only member of this family to be found in 
North America and its range is restricted to the most southeastern parts of Florida (Bradley, 2013). Is a 
nocturnal hunter that spends the day hidden as a stick mimic. At night it uses a web modified as a net to 
capture prey. The spider hangs downward holding the silk net between its extended front legs. When 
prey approaches, it swings the net forward, ensnaring its meal (Ubick et al., 2005). 
4.3.2.6.2 Eye Organization 
 Deinopis spinosa has eight eyes. The posterior medial eyes are greatly enlarged and cover most 
of the spider’s face (Figure 4.19, Ubick et al. 2005). The retinas of the posterior medial eyes have a 
reddish tinge that can be seen during dissection. In addition, the light-sensitive retinas of the posterior 
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medial eyes are replaced by the spider every day (Strausfeld, 2012). The principal eyes are greatly 
reduced and sit below the enlarged posterior medial eyes. The anterior lateral eyes are small and sit on 
two phalanges that protrude from the lateral edge of the face. The lenses of the anterior lateral eyes 
appear to be oriented to the posterior ventral area of the spider’s visual field. The posterior lateral eyes 
sit on the posterior lateral edge of the cephalothorax. 
4.3.2.6.3 Principal Eye Visual Pathway  
The principal eye visual pathway of D. spinosa is comprised of well-defined paired laminae, 
medullae and an unpaired arcuate body (Figure 4.19). The principal eye laminae are well-defined ovoids 
that sit dorsal to the protocerebral mass. They are very similar in shape to that of A. pacificus. The 
anterior edge of the principal eye laminae are visited the optic nerves of the principal eyes. The 
secondary eye laminae are anterior to the principal eye laminae. The principal eye laminae are 
surrounded by soma, which are indistinguishable from the cellular rind of the undifferentiated 
protocerebral mass. The nerve tract that connects the principal eye laminae to the principal eye 
medullae projects sharply ventrally toward the undifferentiated protocerebral mass. This makes it 
difficult to detect if optic chiasmas exist between the laminae and medullae. The principal eye medullae 
are large and well-formed sausage shaped structures that sit medially to the secondary eye optical tract 
and before the anterior edge of the arcuate body. As seen in other spiders in the study, they are located 
within the undifferentiated protocerebral mass and the ventral edges merge into the mass. The arcuate 
body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The arcuate body is well 
formed, with several layers of tangential nerves, two of which are very well defined, one along the 
horizontal midline of the arcuate body and the second appearing slightly anterior. Large columnar tracts 
appear to progress from soma at the posterior edge of the arcuate body ventrally to the anterior edge. 
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The arcuate body is less dorsally situated, rather than seen in K. hibernalis. A thick rind of small cell 
soma sit along the posterior edge of the arcuate body. 
4.3.2.6.4 Secondary Eyes Visual Pathway 
Deinopis spinosa is the first appearance of well-defined mushroom bodies in the study. The 
secondary eye visual system consists of well-formed paired laminae and robust mushroom bodies with 
visible head, shaft, hasp and bridge regions (Figure 4.20). Within the secondary eye laminae, the lamina 
of two of the individual secondary eyes are clearly visible. The largest of these likely belong to the large 
posterior medial eyes, with the laminae for the small anterior medial and posterior lateral eyes being 
indistinguishable from each other. The secondary eye laminae are large horseshoe shaped structures 
with a distinctive layered appearance. At the center of each horseshoe, a tangle of nerve fibers exits the 
posterior of the laminae and progress into the secondary eye optical tract. It appears as if the nerve 
tracts from the individual lamina merge together before joining with the secondary eye optical tracts. 
The secondary eye optical tracts run along the lateral edge of the undifferentiated protocerebral mass 
and project to the ventral edge of the arcuate body. Additionally, it appears as though a separate group 
of nerve fibers project onto the heads of the mushroom bodies rather than into the secondary eye 
optical tracts. No medullae are visible between the laminae and the heads of the mushroom bodies. The 
heads of the mushroom bodies develop behind the secondary eye optical tracts as they merge into the 
undifferentiated protocerebral mass. The heads of the mushroom bodies are a tangle of nerve fibers 
that appear to be divided into two structures within the head region. This is likely an optical effect 
created by the separate projection fields from the soma of the medullae and the soma associated with 
the mushroom bodies. A dark border separates the lateral and medial edges of the hasps, while the 
posterior edge merges into the protocerebral mass. The bridge of the mushroom bodies sits directly 
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anterior to the protocerebral commissure and can be identified by the presence of very large nerve 
fibers that appear to cross the midline of the protocerebrum. In addition to nerve fibers associated with 
the mushroom bodies, the distinctive parallel dendrites of large output neurons can be seen projecting 
into the shaft regions of the mushroom body and progressing to the heads and bridge. The dense tangle 
of nerve fibers makes detecting chiasmas between the laminae and medullae impossible. The soma 
associated with the secondary eye laminae are more separated from those associated with the 
undifferentiated protocerebral mass, having a slightly smaller nuclear diameter and being divided from 
the main mass by what appears to be a thin membrane. The borders of the cellular rind for the entire 
central nerve mass is covered in a thick white tissue of unclear structure or function.  
4.3.2.6.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the total central nervous mass 
(Table 4.1, Figure 4.47). The laminae, medullae and mushroom bodies sit on the lateral edge of the 
anterior side and the arcuate body is at the posterior. The major nerve tracts can be seen and the 
protocerebral commissure is well formed and sits directly posterior to the bridge of the mushroom 
bodies. The protocerebral mass is more medially developed than in other spiders previously described in 
this study, making it less horseshoe shaped and more like the head of a cat. Where the heads of the 
mushroom bodies form the ears and the ventral edge of the arcuate body the bottom of the face (Figure 
4.20). The soma serving the protocerebrum are mostly confined to the dorsal and anterior regions of the 
mass. Beyond the ventral edge of the arcuate body, the posterior cellular rind becomes less distinct, 
with cells mixing with a white membrane-like tissue. These cells are largely Type B cells. However, 
several Type C cells can be seen on the dorsal edge of the protocerebral rind. 
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4.3.2.6.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust. They are associated with the appearance of large 
soma of Type C cells that sit at the periphery of where the nerve enters the cellular rind of the 
protocerebrum.  The cheliceral nerve does not enter the cellular rind until after the division of the brain 
by the esophageal foramen. The cheliceral ganglia joins with the deutocerebrum almost immediately 
after appearing within the cellular rind.  The cheliceral ganglia appear ventral to beginning of the 
esophageal foramen and progress ventrally past the exit of the posterior portion of the esophagus. The 
cell bodies of the deutocerebrum are restricted to the anterior edge and appear to be Type B cells. 
4.3.2.6.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in this study.  The pedipalp, leg and 
abdominal ganglia are easily seen and with large robust lateral and transverse tracts. However, the 
entire subesophageal mass appears to be laterally compressed compared to other spiders. The white 
rind seen around the border of the protocerebral cellular rind is very pronounced in the subesophageal 
region. The cells bodies of the subesophageal mass are largely restricted to a layered rind along the 
ventral edge of the mass with large type D cells along the medial line of the cellular rind.    
4.3.2.7 Araneidae (Argiope trifasciata (Forsskål, 1775) 
4.3.2.7.1 Natural History 
Araneidae is a large family of orb weaving spiders, consisting of 31 genera and 161 species 
found in North America, which typically build vertical prey capture webs (Ubick et al., 2005). Argiope 
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trifasciata is a large (15 – 25 mm female, 4-5.5 mm male, Howell & Jenkins 2004) diurnal orbweaver that 
can be identified by the conspicuous white, black and yellow horizontal stripes across its abdomen. 
4.3.2.7.2 Eye Organization 
 The eyes are grouped in four pairs of two, with the principal eyes grouped closely together 
below the grouped posterior medial eyes and flanked by two dyads formed by the lateral eyes (Ubick et 
al. 2005, Figure 4.21). The eyes are relatively similar in size and restricted to a forward protruding region 
of the cephalothorax (Ubick et al., 2005). 
4.3.2.7.3 Principal Eye Visual Pathway  
The principal eye visual pathway of A. trifasciata is comprised of well-defined paired laminae 
and medullae and an unpaired arcuate body (Figure 4.21). The principal eye laminae are well-defined 
ovoids that sit dorsal to the undifferentiated protocerebral mass, they are very similar in shape to that 
of A. pacificus and D. spinosa. The secondary eye laminae are anterior to the principal eye laminae. The 
principal eye laminae are visited on the anterior edge by the optic nerves coming from the principal 
eyes. The principal eye laminae are surrounded by soma, which are indistinguishable from the soma 
forming the cellular rind of the undifferentiated protocerebral mass. A large nerve tract connects the 
principal eye laminae to the principal eye medullae. Optic chiasmas between the laminae and medullae 
are clearly seen. The principal eye medullae are large and well-formed sausage shaped structures that 
sit medially to the secondary eye optical tract and before the anterior edge of the arcuate body. As seen 
in all other spiders in this study, the medullae are located within the protocerebral mass and the ventral 
edge merges into the mass. Nerve fibers can be seen crossing from the posterior edge of the principal 
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eye medullae toward the secondary eye optical tracts and further into the lateral phalanges of the 
arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well formed. It has several layers of tangential nerves, two of which are very well 
defined, one along the horizontal midline of the arcuate body and the second appearing slightly anterior 
to the first. Large columnar tracts appear to progress from soma at the posterior edge of the arcuate 
body ventrally to the anterior edge. Similar to D. spinosa, the arcuate body is less dorsally situated 
within the protocerebrum. A thick rind of small cell soma sit along the posterior edge of the arcuate 
body. 
4.3.2.7.4 Secondary Eyes Visual Pathway 
The secondary eye visual system consists of well-formed paired laminae and robust mushroom 
bodies with each with a visible head, shaft, hasp and a shared bridge region (Table 4.4, Figure 4.22). The 
lamina of the three independent secondary eye can be detected. The secondary eye laminae are 
cauliflower-shaped structures with a dense fringe of tightly packed synaptic connections surrounding a 
thick nerve track at the posterior edge. It appears as if the nerve tracts from each individual lamina 
merge together before joining with the secondary eye optical tracts. Nerve fibers exit the posterior edge 
of the laminae and enter into thick protrusions from the protocerebral mass and join the secondary eye 
optical tracts. The secondary eye optical tracts run along the lateral edge of the undifferentiated 
protocerebral mass and project to the ventral edge of the arcuate body. Additionally, a separate group 
of nerve fibers project onto the heads of the mushroom bodies rather than into the secondary eye 
optical tract. No distinct medullae are apparent between the laminae and the mushroom body heads. 
The heads of the mushroom bodies develop behind the merger of the secondary eye optical tract with 
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the undifferentiated protocerebral mass. The bridge of the mushroom bodies sits directly anterior to the 
protocerebral commissure and can be identified by the presence of very large nerve fibers that appear 
to cross the midline of the protocerebrum. Although visible, the hasps of the mushroom bodies are not 
as distinct in A. trifasciata as in D. spinosa. In addition to nerve fibers associated with the mushroom 
bodies, the distinctive parallel dendrites of large output neurons can be clearly seen projecting into the 
shaft regions of the mushroom bodies and progressing to the heads and bridge. Large nerve fibers likely 
from the giant bilateral output neurons can be seen crossing into the mushroom bodies from the lateral 
edge of the undifferentiated protocerebral mass. Clear optic chiasmas can be seen between the 
secondary eye laminae and the heads of the mushroom bodies, as well as between the laminae and the 
start of the secondary eye optical tract.  The soma associated with the secondary eye laminae can 
somewhat be separated from those of the main protocerebral mass, but not as clearly as in D. spinosa. 
As seen in D. spinosa, the borders of the cellular rind for the entire central nerve mass is covered in a 
thick white tissue of unclear structure or function.  
4.3.2.7.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the total central nervous mass 
(Table 4.1, Figure 4.47). The laminae, medullae and mushroom bodies sit on the lateral edge of the 
anterior side of the undifferentiated protocerebral mass and the arcuate body is at the posterior. The 
major nerve tracts can be seen and the protocerebral commissure is well formed and sits directly 
posterior to the bridge of the mushroom body. The protocerebral mass is medially developed. The soma 
serving the protocerebrum are mostly confined to the dorsal and anterior regions of the mass. Beyond 
the ventral edge of the arcuate body the posterior cellular rind becomes less distinct, with cells mixing 
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with a white membrane-like tissue. These cells are largely Type B cells; however, several Type C cells can 
be seen on the dorsal edge of the protocerebral rind. 
4.3.2.7.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust. They are associated with the appearance of large 
soma of Type C cells that sit at the periphery of where the nerve enters the cellular rind of the 
protocerebrum.  The cheliceral ganglia joins with the deutocerebrum soon after appearing within the 
cellular rind.  The deutocerebrum forms dorsal to the division of the brain by the esophageal foramen. 
The pedipalp ganglia associated with the tritocerebrum form dorsal to the closure of the esophageal 
foramen. The cell bodies of the deutocerebrum are restricted to the anterior edge and appear to be 
Type B cells. 
4.3.2.7.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily seen along with large robust lateral and transverse tracts. The white rind 
seen in D. spinosa is present, but not as dense or thick. The cells bodies of the subesophageal mass are 
largely restricted to a layered rind along the ventral edge of the mass with large type D cells along the 
medial line of the cellular rind as well as along the most ventral edge.    
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4.3.2.8 Nephilidae (Nephila clavipes (Linnaeus, 1767)) 
4.3.2.8.1 Natural History 
Nephilidae is a new family formed of genera that were formerly in the Araneidae and 
Tetragnathidae families (Kuntner, 2006). Nephila clavipes is large, reaching sizes up to 30mm, orb 
weaver and is the only member of the Nephila genus found outside of the tropics. These animals build 
prey capture webs in the lower areas of trees (Bradley, 2013). 
4.3.2.8.2 Eye Organization 
 The eyes of N. clavipes are similar in size and are arranged along the anterior border of the 
cephalothorax. The principal eyes and the posterior medial eyes form two parallel rows along the 
anterior edge of the face. The two pairs of lateral eyes form dyads that sit on two small protrusions from 
the lateral edges of the face (Figure 4.23). 
4.3.2.8.3 Principal Eye Visual Pathway  
The principal eye visual pathway of N. clavipes is comprised of well-defined paired laminae and 
medullae and an unpaired arcuate body (Figures 4.23 & 4.49). The principal eye laminae are well-
defined ovoids that sit dorsal to the undifferentiated protocerebral mass. The principal eye laminae are 
the most dorsal regions of the central nervous mass. However, the secondary eye laminae can be seen 
along the anterior edge of the principal eye laminae in most sections. The principal eye laminae are 
visited by the optic nerves of the principal eyes. The anterior and posterior lateral edges of the principal 
eye laminae are surrounded by soma, which are indistinguishable from the soma forming the cellular 
rind of the undifferentiated protocerebral mass. A ventrally running nerve tract connects the principal 
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eye laminae with the principal eye medullae. Optic chiasmas between the laminae and medullae can be 
seen.  
The principal eye medullae are large and well-formed ovoid shaped structures that sit medially 
to the secondary eye optical tracts. The principal eye medullae are located within the undifferentiated 
protocerebral mass and the ventral edges merge into the mass. Nerve fibers appear to connect the 
principal eye medullae to the lateral phalanges of the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well formed, with several layers of tangential nerves. Two of which are very well defined 
in the more dorsal portion of the arcuate body. Large columnar tracts appear to progress from soma at 
the posterior edge of the arcuate body ventrally to the anterior edge. A thick rind of small cell soma sit 
along the posterior edge of the arcuate body. Beyond the ventral edge of the arcuate body, the cellular 
rind becomes less well defined. 
4.3.2.8.4 Secondary Eyes Visual Pathway 
The secondary eye visual system consists of well-formed paired laminae (Figure 4.24). The 
lamina of the three secondary eyes can be detected, especially along the anterior edge of the neuropil. 
At the posterior edge of the laminae is an indistinct mass that could be glomeruli, indicating the 
presence of secondary eye medullae. Silver staining is needed to determine the nature of this region. 
Optic chiasmas can be faintly seen directly posterior to the secondary eye laminae before the nerves 
progress into the secondary eye optical tracts. Direct connections between the laminae and the 
secondary eye optical tracts are large and easily seen. The secondary eye optical tracts run along the 
lateral edge of the protocerebral mass and projects to the ventral edge of the arcuate body.  
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Nephila clavipes does not have well-formed mushroom bodies, however a structure does exist 
that has some of the hallmarks, such as nerve tracts that run from the anterior edge of the 
protocerebral mass to a bridge that crosses the midline of the protocerebrum, of underdeveloped 
mushroom bodies. Rather than forming in conjunction with the secondary eye optical tract, what could 
be the mushroom bodies of Nephila, form well after the secondary eye optical tracts move ventrally to 
the arcuate body. The heads of the mushroom bodies are small bundles of fibers that develops along the 
anterior lateral edge of the undifferentiated protocerebral mass. The bridge of the mushroom bodies 
sits directly anterior to the protocerebral commissure and can be identified by the presence of a small 
bundle of nerve fibers that appear to cross the midline. The hasps of the mushroom bodies are not 
visible. Direct connections between the secondary eye laminae and the mushroom bodies are not 
visible. The region that could the mushroom bodies are small in comparison to the robust mushroom 
bodies seen in D. spinosa or A. trifasciata. In addition, this region contains other large fiber tracts, such 
as the lateral cerebral tract, which obscure the region and could be confused with possible mushroom 
bodies. Further studies should be done to concretely identify this region 
4.3.2.8.5 Undifferentiated Protocerebral Mass 
The protocerebral mass not associated with visual neuropils is the largest region of the 
protocerebrum (Table 4.2, Figure 4.48). The protocerebrum itself is the second largest portion of the 
total central nervous mass (Table 4.1, Figure 4.47). The major nerve tracts can be seen and the 
protocerebral commissure is well formed and sits directly posterior to the bridge of the possible 
mushroom bodies. The protocerebral mass is medially developed. The soma serving the protocerebrum 
are mostly confined to the dorsal and anterior regions of the mass. Beyond the ventral edge of the 
arcuate body the posterior cellular rind becomes less distinct, with cells mixing with a white membrane 
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like tissue, similar to D. spinosa and A. trifasciata. Cells are largely Type B cells. However, numerous 
Type C cells can be seen on the dorsal edge of the protocerebral rind. 
4.3.2.8.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust and are associate with many large soma of Type C cells 
within the cellular rind.  The thickness of the rind of type C cells appears to be larger than that seen in 
other spiders in this study. The cheliceral ganglia form two teardrop-shaped masses before joining with 
the deutocerebrum.  The deutocerebrum forms just dorsal to the division of the brain by the esophagus. 
The cell bodies of the deutocerebrum are restricted to the anterior and lateral edges and appear to be 
largely Type B cells, studded with numerous with Type C cells along the anterior border. 
4.3.2.8.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia being easily seen along with large robust lateral and transverse tracts. Similar to D. 
spinosa, the overall shape of the subesophageal mass appears to be laterally compressed. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge.    
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4.3.2.9 Theridiidae (Parasteatoda tepidariorum (C.L. Koch, 1841)) 
4.3.2.9.1 Natural History 
Theridiidae are a widespread and common family of cobweb weavers. There are 32 genera and 
234 species found in North America, including five species of the medically important widow spiders 
(Ubick et al., 2005). Parasteatoda tepidariorum is a medium sized, 5-6 mm long, cobweb weaver with a 
marbled teardrop shaped abdomen. It is a very common species that is often found in and around the 
home, thus named the common house spider. Parasteatoda uses a sticky capture wen to trap passing 
insects (Milne and Milne, 1980). 
4.3.2.9.2 Eye Organization 
 The eyes of P. tepidariorum are similar in size. The anterior eyes are arranged in two rows with 
the principal eyes being directly ventral to the posterior medial eyes. The two pairs of lateral eyes form 
two dyads (Figure 4.25). 
4.3.2.9.3 Principal Eye Visual Pathway  
The principal eye visual pathway of P. tepidariorum is comprised of paired laminae, medullae 
and an unpaired arcuate body (Figure 4.25). The principal eye laminae are ovoid shaped structures that 
sit dorsal to the undifferentiated protocerebral mass, they are very similar in shape to those of A. 
pacificus and D. spinosa, but less well defined. The principal eye laminae are visited by the optic nerves 
of the principal eyes. The principal eye laminae are surrounded by soma, which are indistinguishable 
from the soma of the cellular rind of the undifferentiated protocerebral mass. Nerve tracts from the 
principal eye laminae project ventrally toward the principal eye medullae. The principal eye medullae 
are large and well-formed sausage shaped structures that sits medially to the secondary eye optical 
 81 
tracts and before the anterior edge of the arcuate body. As seen in all other spiders in this study, they 
are located within the undifferentiated protocerebral mass and the ventral edge merges into the mass. 
Nerve fibers can be seen crossing from the posterior edges of the principal eye medullae toward the 
secondary eye optical tracts and into the lateral phalanges of the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.25). The 
arcuate body is well formed, with several layers of tangential nerves. Two of which are very well 
defined, one along the horizontal midline of the arcuate body and the second appearing slightly anterior 
to the first. Large columnar tracts appear to progress from soma at the posterior edge of the arcuate 
body progressing ventrally to the anterior edge. Unlike D. spinosa and A. trifasciata, the arcuate body is 
dorsally situated within the protocerebrum.  A thick rind of small cell soma sit along the posterior edge 
of the arcuate body. No thick white rind is present along the border of the cellular rind. 
4.3.2.9.4 Secondary Eyes Visual Pathway 
The secondary eye visual system consists of well-formed laminae, but is missing medullae and 
clear mushroom bodies (Figure 4.26). The secondary eye laminae are very similar in shape to the 
principal eye laminae, being ovoid shaped neuropils with no distinctive divisions. Nerve fibers exit the 
posterior edge of the laminae and enter into the finger-like protrusions from the undifferentiated 
protocerebral mass and join the secondary eye optical tracts. Optic chiasmas can be seen between the 
secondary eye laminae and the start of the secondary eye optical tracts.  From the laminae, the 
secondary eye optical tracts progress posteriorly to the ventral edge of the arcuate body. The soma 
associated with the secondary eye laminae cannot be separated from the soma that form the cellular 
rind of the undifferentiated protocerebral mass.  
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Parasteatoda tepidariorum does not have well-formed mushroom bodies. However, similar to 
N. clavipes, a structure does exist that has some of the hallmarks of an underdeveloped mushroom 
body. Rather than forming in conjunction with the secondary eye optical tracts, what could be the 
mushroom bodies form well after the secondary eye optical tracts have moved ventrally to the arcuate 
body. The head regions of the putative mushroom bodies are small bundles of fibers that develops along 
the anterior lateral edge of the undifferentiated protocerebral mass. The bridge of the putative 
mushroom bodies sits directly anterior to the protocerebral commissure and can be identified by the 
presence of a small bundle of nerve fibers that appear to cross the midline of the protocerebrum. The 
hasps of the putative mushroom bodies are not visible. Direct connections between the secondary eye 
laminae and the putative mushroom bodies are not visible.  In addition, this region contains other large 
fiber tracts, such as the lateral cerebral tract, which obscure the region. Therefore, further studies 
should be done to concretely identify this region. 
4.3.2.9.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the total central nervous mass 
(Table 4.1, Figure 4.47). The laminae and medullae sit on the lateral edge of the anterior side and the 
arcuate body is at the posterior. The major nerve tracts can be seen and the protocerebral commissure 
is well formed. The undifferentiated protocerebral mass is less medially developed than seen in D. 
spinosa or A. trifasciata. The soma serving the protocerebrum are mostly confined to the dorsal and 
anterior regions of the mass. These cells are largely Type B cells. However, several Type C cells can be 
seen on the dorsal edge of the protocerebral rind. 
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4.3.2.9.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass consisting (Table 4.1, 
Figure 4.47). The nerves coming from the chelicera are robust. They are associated with the appearance 
of large soma of Type C cells that sit at the periphery of where the nerve enters the cellular rind of the 
protocerebrum.  The cheliceral ganglia joins with the deutocerebrum almost soon after appearing within 
the cellular rind.  The deutocerebrum forms ventrally from the division of the brain by the esophageal 
foramen and merges into the subesophageal mass just dorsal to its exit. A posterior bridge of nerve 
fibers appear to join the two halves of the deutocerebrum at the posterior edge of closure of the 
esophageal foramen. The cell bodies of the deutocerebrum are restricted to the anterior edge and 
appear to be Type B cells. 
4.3.2.9.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia being easily seen along with large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge.    
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4.3.2.10 Philodromidae (Thanatus formicinus (Clerck, 1757)) 
4.3.2.10.1 Natural History 
Philodromidae or running crab spiders are a widespread family with 5 general and 96 species 
found in North America (Ubick et al., 2005). Members of this family are active hunters who do not build 
prey capture webs, but instead wait on flowers for arriving prey. 
4.3.2.10.2 Eye Organization 
 The eyes of T. formicinus are similar in size, but are widely spread around cephalothorax. The 
anterior and posterior eyes form two separate rows. The principal eyes sit at the most anterior border. 
The anterior lateral eyes sit close to the principal eyes along their lateral border. The posterior medial 
eyes span the medial line of the cephalothorax and are bordered by the posterior lateral eyes (Figure 
4.27). 
4.3.2.10.3 Principal Eye Visual Pathway  
The principal eye visual pathway of T. formicinus is comprised of well-defined paired laminae 
and medullae and an unpaired arcuate body (Figure 4.27). The principal eye laminae are well-defined 
ovoids that sit dorsal to the undifferentiated protocerebral mass. They are very similar in shape to that 
of A. pacificus and D. spinosa. The internal structure of the laminae appears honeycombed, in contrast 
to the solid masses of D. spinosa. The principal eye laminae are the most dorsal structures in the central 
nervous mass.  The principal eye laminae are visited by the large optic nerves, nearly the width of the 
laminae, coming from the principal eyes. The posterior edge of the principal eye laminae are surrounded 
by soma, which are indistinguishable from the soma of the cellular rind of the undifferentiated 
protocerebral mass. Large nerve tracts connect the principal eye laminae with the principal eye 
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medullae. Optic chiasmas between the laminae and medullae are clearly seen. The principal eye 
medullae are large and well-formed sausage-shaped structures that sit medially to the secondary eye 
optical tracts and on the anterior edge of the arcuate body. As seen in all other spiders within the study, 
the medullae are located within the undifferentiated protocerebral mass and the ventral edge merges 
into the mass. Nerve fibers can be seen crossing from the posterior edge of the principal eye medullae 
toward the secondary eye optical tracts and into the lateral phalanges of the arcuate body. The arcuate 
body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The arcuate body is well 
formed, with several layers of tangential nerves. Four of which are very well defined in the dorsal 
portion of the arcuate body. Large columnar tracts appear to progress from soma at the posterior edge 
of the arcuate body progressing ventrally to the anterior edge. Similar to D. spinosa, the arcuate body is 
less dorsally situated within the undifferentiated protocerebral mass. A thick rind of small cell soma sit 
along the posterior edge of the arcuate body. 
4.3.2.10.4 Secondary Eyes Visual Pathway 
Thanatus formicinus, is the first spider in the study to have well-formed secondary eye 
medullae. The secondary eye visual system consists of three well-formed laminae with medullae and 
robust mushroom bodies with visible heads, shafts, hasps and a shared bridge (Figure 4.27). The 
independent secondary eye laminae can be distinguished. Each secondary eye lamina is fan shaped, with 
at least two visible layers. Optic chiasmas can be seen directly posterior to each secondary eye lamina 
before the nerves progress to the mushroom bodies or the secondary eye medullae. Several very large 
nerve fibers originating on the posterior edge of the laminae appear to bypass the medullae and project 
directly into the secondary eye optical tracts. The secondary eye optical tracts run along the lateral edge 
of the undifferentiated protocerebral mass and project to the ventral edge of the arcuate body. Thinner 
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nerves forming optic chiasmas connect the secondary eye laminae to the secondary eye medullae. It is 
likely that each secondary eye lamina as an independent medulla, as seen in Cupiennius (Strausfeld and 
Barth, 1993), but I could not detect them. The medullae are globular masses comprised of many distinct 
glomeruli.  Large tracts of nerves forming many distinct optic chiasmas leave the posterior of the 
medullae and enter the heads of the mushroom bodies.  The heads of the mushroom bodies develop 
behind the secondary eye optical tracts as they merge into the undifferentiated protocerebral mass. The 
bridge connecting the two halves of the mushroom bodies sits directly anterior to the protocerebral 
commissure and can be identified by the presence of very large nerve fibers that appear to cross the 
midline of the protocerebrum. The hasps of the mushroom bodies are defined by very larger nerve 
fibers along the lateral and medial borders. Large nerve fibers, likely the unilateral and bilateral giant 
output neurons, are visible.  The soma associated with the secondary eye laminae and medullae can be 
distinguished from those of the undifferentiated protocerebral mass, but not as clearly as in D. spinosa.  
4.3.2.10.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48) The protocerebrum itself is the second largest portion of the central nervous mass (Table 
4.1, Figure 4.47). The major nerve tracts can be seen and the protocerebral commissure is well formed 
and sits directly posterior to the bridge of the mushroom body. The undifferentiated protocerebral mass 
is medially developed. The soma serving the protocerebrum are mostly confined to the dorsal and 
anterior regions of the mass. Beyond the ventral edge of the arcuate body the posterior cellular rind 
becomes less distinct, with cells mixing with a white membrane-like tissue. Cells are largely Type B cells; 
however, several Type C cells can be seen on the dorsal edge of the protocerebral rind. 
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4.3.2.10.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust and are associated with many large soma of Type C 
cells within the cellular rind.  The cheliceral ganglia joins with the deutocerebrum soon after appearing 
within the cellular rind.  The deutocerebrum forms just dorsal to the division of the brain by the 
esophageal foramen and the pedipalp ganglia associated with the tritocerebrum form dorsal to the 
closure of the esophageal foramen. The cell bodies of the deutocerebrum are restricted to the anterior 
and lateral edges and appear to be Type B cells. 
4.3.2.10.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily distinguished, as well as the robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge.    
4.3.2.11 Salticidae (Phidippus audax (Hentz, 1845)) 
4.3.2.11.1 Natural History 
Salticidae, or jumping spiders, is the largest family of spiders, with 5026 species found 
worldwide. In North America 63 genera with 315 species are represented. Phidippus audax is a large, 8-
15 mm, diurnal spider. Rather than building a prey capture web or ambushing passing prey, jumping 
spiders actively stalk prey using their impressive vision. 
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4.3.2.11.2 Eye Organization 
 The eyes of jumping spiders are the most advanced and best studied of all spiders. The enlarged 
principal eyes contain a highly acute but tiny retina positioned at the posterior of an eye tube. This tube 
can be moved within the spider’s cephalothorax by 6 muscles to direct the eye at different areas of the 
visual field (Land, 1969a; Land, 1969b). The principal eyes are bordered by the enlarged anterior lateral 
eyes. While not as acute as the principal eyes, they are more spatially acute than the eyes of honeybees 
(Land, 1999). The posterior median eyes are greatly reduced and sit posterior to the anterior lateral eyes 
along the lateral edge of the cephalothorax (Ubick et al., 2005). In an almost direct posterior line from 
the posterior medial eyes sit the relatively large posterior lateral eyes (Ubick et al. 2005, Figure 4.29). 
4.3.2.11.3 Principal Eye Visual Pathway  
The principal eye visual pathway of P. audax is greatly enlarged compared to all other spiders in 
this study. It is comprised of well-defined paired laminae, medullae and an unpaired arcuate body 
(Figure 4.29). The principal eye laminae are horseshoe-shaped layered structures that sit directly 
posterior to the principal eye retinae, rather than at the end of long optical tracts seen in the other 
spiders in the study. The principal eye laminae are visited by the optic nerves of the principal eyes. 
Nerve tracts exit the posterior edge of the principal eye laminae and project ventrally to the principal 
eye medullae. Optic chiasmas between the principal eye laminae and medullae are visible. The principal 
eye medullae are large and well-formed ovoid shaped structures that sit directly posterior to the 
principal eye laminae. Rather than sitting within the undifferentiated protocerebral mass, as seen in all 
other spiders in the study, the principal eye medullae sit dorsal to the undifferentiated protocerebral 
mass and only the ventral edges make contact with the mass. Nerve fibers exit the ventral posterior 
edges of the principal eye medullae and run along the secondary eye optical tracts toward the lateral 
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phalanges of the arcuate body. In P. audax, the arcuate body is the smallest of the principal eye optic 
neuropils and is dwarfed by the principal eye medullae (Table 4.3, Figure 4.49). The arcuate body is well 
formed, with several layers of tangential nerves defined in the dorsal region. Large columnar tracts 
appear to progress from soma at the posterior edge of the arcuate body ventrally to the anterior edge. 
A thick rind of small cell soma sit along the posterior edge of the arcuate body. 
4.3.2.11.4 Secondary Eyes Visual Pathway 
While the secondary eye visual pathway of P. audax is similar to that seen in T. formicinus, being 
comprised of paired laminae, medullae and mushroom bodies, everything has been enlarged (Figure 
4.30). In addition, a new structure, the secondary eye lateral neuropil, has been added. The laminae for 
the anterior lateral and posterior lateral eyes form independently, rather than in a single mass as seen in 
T. formicinus, posterior to the retina of their respective eye. The small laminae for the tiny posterior 
medial eyes sit at the lateral anterior edge of the secondary eye medullae and are positioned the 
furthest from the retina of any of the secondary eye laminae. The laminae form a band of densely folded 
synaptic tissue bordered at the posterior edges by cell soma. Thick bands of nerve fiber bundles exit the 
posterior edge of the anterior lateral and posterior lateral laminae and split into two tracts. The two 
lateral tracts from both eyes join together to form the secondary eye lateral neuropils (this structure 
was identified as the lateral eye neuropil by Hill (2006)).  From the lateral eye neuropils, large nerve 
fibers appear to enter the secondary eye optical tracts, which in turn progress to the arcuate body. The 
medial tracts also join and merge into the secondary eye medullae. Hill (2006) traced the path of the 
posterior medial eye, which could not be seen in this study. In his study, nerve fibers from the posterior 
medial eye laminae enter the secondary eye lateral neuropils (Hill, 2006).   
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The secondary eye medullae are large irregular masses of glomeruli, and individual medullae 
cannot be discerned. The medullae form an arch around very thick nerve masses exiting the posterior 
edge of the medullae and entering the heads of the mushroom bodies. Nerves from the medullae form 
many bands of small optic chiasmas. These are likely to be the chiasmic chunks described by Strausfeld 
(2012). Rather than being restricted to the undifferentiated protocerebral mass, as seen in T. formicinus, 
the heads of the mushroom bodies form very large fingerlike projections that run from the posterior 
edge of the medullae to the anterior of the undifferentiated protocerebral mass. The heads of the 
mushroom bodies are bisected by entering bands of nerve fibers coming from the secondary eye 
medullae. The shared bridge of the mushroom bodies sits anterior to the protocerebral commissure and 
is smaller than would be expected given the size of the mushroom body heads. For comparison, see the 
large bridge associated with the mushroom bodies of D. spinosa or A. trifasciata. Large dark nerve fibers 
define the bridge of the mushroom bodies. The hasps of the mushroom bodies are defined by very large 
nerve fibers along the lateral and medial borders. 
4.3.2.11.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the total central nervous mass 
(Table 4.1, Figure 4.47). The major nerve tracts can be seen. The protocerebral commissure is well-
formed and sits ventral to the bridge of the mushroom bodies along the posterior border. Lateral to the 
hafts of the mushroom bodies, lies an enlarged region of the undifferentiated protocerebral mass. Hill 
(2006) also noted the enlargement of this region and posited that its function is likely connected to 
processing visual information from the lateral eyes. The undifferentiated protocerebral mass is medially 
developed. The soma serving the protocerebrum are mostly confined to the dorsal and anterior regions 
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of the mass. Cells are largely Type B cells; however, several Type C cells can be seen on the dorsal edge 
of the protocerebral rind. 
4.3.2.11.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass consisting (Table 4.1, 
4.47). The nerves coming from the chelicera are robust and are associate with many large soma of Type 
C cells within the cellular rind, especially along the posterior border of the boundary between the 
cheliceral nerve and the cellular rind.  The cheliceral ganglia forms large tear-dropped shaped masses 
that quickly join with the deutocerebral mass.  The deutocerebrum forms just dorsal to the division of 
the brain by the esophageal foramen. The cell bodies of the deutocerebrum are restricted to the 
anterior and lateral edges and appear to be largely Type B cells, the exception being several large Type C 
cells along the anterior edge of the cellular rind. 
4.3.2.11.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass, but not by a large 
margin compared to all other spiders in the study, only forming 50.4% of the total (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily seen, as well as the large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge. 
 92 
4.3.2.12 Thomisidae (Xysticus ferox (Hentz, 1847)) 
4.3.2.12.1 Natural History 
Thomisidae are a recognizable family of spiders, of which 9 general and 130 species are found in 
North America. Thomisidae are commonly called crab spiders for the crab-like appearance of their legs, 
which are curved in front of the spider’s cephalothorax. Most members of this family are ambush 
hunters. Xysticus are ground crab spiders that hunt their prey in leaf litter.   
4.3.2.12.2 Eye Organization 
The eyes of X. ferox are similar in size and form two distinct rows on the anterior edge of the 
cephalothorax. The anterior and posterior eyes form two separate rows. The principal eyes sit at the 
most anterior border. The anterior lateral eyes sit close to the principal eyes along their lateral border. 
The posterior medial eyes span the medial line of the cephalothorax and are bordered by the posterior 
lateral eyes, which are elevated laterally from the cephalothorax by two protrusions (Figure 4.31). 
4.3.2.12.3 Principal Eye Visual Pathway  
The principal eye visual pathway of X. ferox is comprised of well-defined paired laminae and 
medullae and an unpaired arcuate body (Figure 4.31). The principal eye laminae are well-defined ovoids 
that sit dorsal to the undifferentiated protocerebral mass. They are very similar in shape to that of A. 
pacificus and D. spinosa. The secondary eye laminae are the most dorsal region of the central nervous 
mass. The principal eye laminae are visited by the optic nerves of the principal eyes. The medial edges of 
the principal eye laminae are surrounded by soma, which are indistinguishable from the soma of the 
undifferentiated protocerebral mass. Nerve tracts connect the principal eye laminae with the principal 
eye medullae. Optic chiasmas between the laminae and medullae can be seen. The principal eye 
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medullae are large and well-formed ovoid structures that sit medially to the secondary eye optical tracts 
on the anterior edge of the arcuate body. As seen in almost all other spiders in the study, they are 
located within the undifferentiated protocerebral mass and the ventral edges merge into the mass. The 
arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The arcuate body 
is well formed, with several layers of tangential nerves. Two of which are very well defined in the dorsal 
region of the arcuate body. Large columnar tracts appear to progress from soma at the posterior edge of 
the arcuate body ventrally to the anterior edge. Similar to D. spinosa, the arcuate body is less dorsally 
situated in the protocerebrum. A thick rind of small cell soma sit along the posterior edge of the arcuate 
body. 
4.3.2.12.4 Secondary Eyes Visual Pathway 
The secondary eye visual system consists of three well-formed laminae with paired medullae 
and robust mushroom bodies with visible heads, shafts, hasps and a shared bridge (Figure 4.32). The 
independent secondary eye laminae can be distinguished, but not as easily as in T. formicinus. Each 
individual secondary eye lamina is arrow shaped with the narrowest part pointing anteriorly. Optic 
chiasmas can be seen directly posterior to each secondary eye lamina before the nerves progress the 
secondary eye medullae. Direct connections between the laminae and the secondary eye optical tracts 
are not as robust as seen in T. formicinus. The secondary eye optical tracts run along the lateral edge of 
the undifferentiated protocerebral mass and project to the ventral edge of the arcuate body. It is 
unclear if the nerve fibers forming the secondary eye optical tracts are coming from either the laminae, 
medullae or both. Thick bundles of nerve fiber form optic chiasmas connecting the secondary eye 
laminae to the secondary eye medullae. It is likely that each secondary eye lamina as an independent 
medulla, as seen in Cupiennius (Strausfeld and Barth, 1993), but they cannot be distinguished. The 
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medullae are fan-shaped masses comprised of many distinct glomeruli.  Rather than being restricted to 
the anterior edge of the heads of the mushroom bodies, the medullae wrap around the heads’ lateral 
edges almost touching the undifferentiated protocerebral mass.  Large tracts of nerves forming many 
distinct optic chiasmas, likely forming the distinctive chiasmic chunks described by Strausfeld (2012), 
leave the posterior of the medullae and enter the heads of the mushroom bodies.  The heads of the 
mushroom bodies are very well-developed and form dorsally to the secondary eye optical tracts. The 
heads of the mushroom bodies in X. ferox appears to be larger than those seen in any of the previously 
described spiders. The bridge of the mushroom bodies sits directly anterior to the protocerebral 
commissure and can be identified by the presence of very large nerve fibers that appear to cross the 
midline of the protocerebrum. The hasps of the mushroom bodies are defined by larger nerve fibers 
along the lateral and medial borders. The large nerve fibers likely associated with both the unilateral and 
bilateral giant output neurons are visible.  The soma associated with the laminae of the secondary eyes 
can be separated from those of the undifferentiated protocerebral mass.  
4.3.2.12.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the total central nervous mass 
(Table 4.1, Figure 4.47). The major nerve tracts can be seen and the protocerebral commissure is well-
formed and sits directly posterior to the bridge of the mushroom bodies. The undifferentiated 
protocerebral mass is medially developed. The soma serving the protocerebrum are mostly confined to 
the dorsal and anterior regions of the mass. Beyond the ventral edge of the arcuate body the posterior 
cellular rind becomes less distinct, with cells mixing with a white membrane-like tissue. Cells are largely 
Type B cells; however, several Type C cells can be seen on the dorsal edge of the protocerebral rind.  
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4.3.2.12.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
Although the smallest region, the deutocerebrum of X. ferox comprises a larger proportion of the brain 
than in most other spider, the exception being Hypochilus sp. The nerves coming from the chelicera are 
robust and are associated with the large soma of Type C cells within the cellular rind.  The cheliceral 
ganglia forms large ovoid-shaped masses before joining with the deutocerebral mass.  The 
deutocerebrum forms just dorsal to the division of the brain by the esophageal foramen. The cell bodies 
of the deutocerebrum are restricted to the anterior and lateral edges and appear to be largely Type B 
cells. 
4.3.2.12.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily seen, along with the large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge. 
4.3.2.13 Agelenidae (Agelenopsis sp. Giebel 1869a) 
4.3.2.13.1 Natural History 
Agelenidae are medium to large funnel-web weavers with 9 genera and 85 species found in 
North America. Agelenopsis are large members of this family, ranging from 10-20 mm in length. They are 
typically nocturnal and build non-sticky funnel webs in grass, shrubbery or on houses. A tangle of 
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webbing is often built above the entrance of the tunnel to cause flying insect to fall on the funnel, where 
the spider depends on its speed to run out and quickly capture its prey (Ubick et al., 2005). 
4.3.2.13.2 Eye Organization 
The eyes of Agelenopsis are similar in size are arranged along the anterior border of the 
cephalothorax. The principal eyes sit along the median line of the face and are bordered by the anterior 
lateral and posterior lateral eyes. The posterior medial eyes are located on the dorsal edge of the face, 
giving the appearance that they face upward rather than forward (Ubick et al. 2005 Figure 4.33).  
4.3.2.13.3 Principal Eye Visual Pathway  
The principal eye visual pathway of Agelenopsis is comprised of paired well-defined laminae and 
medullae and an unpaired arcuate body (Figure 4.33). The principal eye laminae are well-defined ovoids 
that sit dorsal to the undifferentiated protocerebral mass. They are very similar in shape to that of A. 
pacificus and D. spinosa. The principal eye laminae are the most dorsal region of the brain. The 
secondary eye laminae can be seen along the anterior edges of the principal eye laminae in most 
sections. The principal eye laminae are visited by the optic nerves of the principal eyes. The posterior 
edges of the principal eye laminae are surrounded by soma, which are indistinguishable from the soma 
of the cellular rind of the undifferentiated protocerebral mass. Nerve tracts connect the principal eye 
laminae with the principal eye medullae. Optic chiasmas between the laminae and medullae can be 
seen. The principal eye medullae are large and well-formed ovoid-shaped structures that sit medially to 
the secondary eye optical tracts and are closer to the anterior edge of the undifferentiated 
protocerebral mass than seen in other spiders, such as T. formicinus. The principal eye medullae are 
located within the undifferentiated protocerebral mass and their ventral edges merge into the mass. 
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Nerve fibers appear to connect the principal eye medullae to the secondary eye optical tracts, which in 
turn progress posteriorly to the lateral and ventral edges of the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well formed, with several layers of tangential nerves. Two of which are very well defined 
in the dorsal region of the arcuate body. Large columnar tracts appear to progress from soma at the 
posterior edge of the arcuate body ventrally to the anterior edge. Similar to D. spinosa, the arcuate body 
is less dorsally situated within the protocerebrum. A thick rind of small cell soma sit along the posterior 
edge of the arcuate body. 
4.3.2.13.4 Secondary Eyes Visual Pathway 
The secondary eye visual system consists of well-formed laminae (Figure 4.34). The independent 
secondary eye lamina cannot be distinguished. The secondary eye laminae are irregularly shaped with 
three small peaks along the anterior edge. Likely each peak represents one of the three secondary eye 
laminae. The peaks merge into globular masses with no clear definition. At the posterior edges of the 
laminae, are indistinct masses that could be formed from glomeruli cells, indicating the presence of 
secondary eye medullae. Silver staining of this region is needed to determine the nature of this region. 
Optic chiasmas can be seen directly posterior to the secondary eye laminae. Direct connections between 
the laminae and the secondary eye optical tracts are large and easily seen. The secondary eye optical 
tracts run along the lateral edge of the protocerebral mass and project to the ventral edge of the 
arcuate body. Agelenopsis does not have easily distinguished mushroom bodies, however a structure 
does exist that has some of the hallmarks of underdeveloped mushroom bodies. Such as a bundle of 
nerve fibers at the anterior edge of the undifferentiated protocerebral mass that run to a small bridge of 
nerve fibers that cross the midline of the protocerebrum. Rather than forming in conjunction with the 
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secondary eye optical tracts, as seen in D. spinosa and A. trifasciata, what could be the mushroom 
bodies of Agelenopsis form well after the secondary eye optical tracts descend ventrally to the arcuate 
body. The heads of the putative mushroom bodies in Agelenopsis are small bundles of fibers that 
develop along the anterior lateral edge of the undifferentiated protocerebral mass. The bridge of the 
putative mushroom bodies sits directly anterior to the protocerebral commissure and can be identified 
by the presence of a small bundle of nerve fibers that appear to cross the midline of the protocerebrum. 
The hasps and shafts of the putative mushroom bodies are not distinguishable. Direct connections 
between the secondary eye laminae and the putative mushroom bodies are not visible and the regions 
that could the mushroom bodies are small. Further studies should be done to concretely identify this 
region. 
4.3.2.13.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the total central nervous mass 
(Table 4.1, Figure 4.47). The major nerve tracts can be seen and the protocerebral commissure is well 
formed. The protocerebral mass is medially developed. The soma serving the protocerebrum are mostly 
confined to the dorsal and anterior regions of the mass. Beyond the ventral edge of the arcuate body 
the posterior cellular rind becomes less distinct, with cells mixing with a white membrane-like tissue. 
Cells are largely Type B cells; however, several Type C cells can be seen on the dorsal edge of the 
protocerebral rind.  
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4.3.2.13.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust and are associate with many large soma of Type C cells 
within the cellular rind.  The cheliceral ganglia forms irregular shaped masses before joining with the 
deutocerebrum.  The deutocerebrum forms just dorsal to the division of the brain by the esophageal 
foramen. The cell bodies of the deutocerebrum are restricted to the anterior and lateral edges and 
appear to be largely Type B cells, studded with Type C cells along the anterior border. 
4.3.2.13.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily seen along with the large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge.  
4.3.2.14 Amaurobiidae (Callobius sp. Chamberlin, 1947) 
4.3.2.14.1 Natural History 
Amaurobiidae are widespread family with 10 genera and 97 species found in North America. 
Spiders of this family are commonly known as hackledmesh weavers for the messy appearance of their 
silken retreats (Bradley, 2013). Callobius are large members of this family ranging from 5-12 mm in 
length (Howell and Jenkins, 2004). They are nocturnal and are typically found under rocks or in leaf litter 
(Ubick et al., 2005).  
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4.3.2.14.2 Eye Organization 
The eyes of Callobius are similar in size are arranged along the anterior border of the 
cephalothorax. The principal eyes sit along the median line of the face and their position is almost 
mirrored by the posterior medial eyes. The two pairs of lateral eyes form two dyads that sit on the 
lateral border of the medial eyes (Ubick et al. 2005, Figure 4.35).  
4.3.2.14.3 Principal Eye Visual Pathway  
The principal eye visual pathway and secondary eye pathway of Callobius is almost identical to 
that of Agelenopsis. The only large difference being that principal eye visual pathway of Callobius is 
smaller in scale. The principal eye visual pathway is comprised of well-defined paired laminae, medullae 
and an unpaired arcuate body (Figure 4.31). The principal eye laminae are well-defined ovoids that sit 
dorsal to the undifferentiated protocerebral mass. They are very similar in shape to those of A. pacificus 
and D. spinosa. The principal eye laminae are the most dorsal regions of the central nervous mass. They 
are visited by the optic nerves of the principal eyes. The posterior edges of the principal eye laminae are 
surrounded by soma, which are indistinguishable from the soma of the cellular rind of the 
undifferentiated protocerebral mass.  
Ventrally running nerve tracts connect the principal eye laminae with the principal eye 
medullae. Optic chiasmas between the laminae and medullae are not distinguishable. The principal eye 
medullae are small, but identifiable ovoid-shaped structures that sit medially to the secondary eye 
optical tracts. Like Agelenopsis, they are close to the anterior edge of the protocerebral mass. The 
principal eye medullae are located within the undifferentiated protocerebral mass and the ventral edges 
merge into the mass. The nerve fibers that connect the principal eye medullae to the secondary eye 
optical tracts cannot be seen.  
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The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well formed, with several layers of tangential nerves. Two of which are very well defined 
in the dorsal region of the arcuate body. Large columnar tracts appear to progress from soma at the 
posterior edge of the arcuate body ventrally to the anterior edge. As with Agelenopsis, the arcuate body 
is less dorsally situated within the protocerebrum than seen in spiders such as K. hibernalis. A thick rind 
of small cell soma sit along the posterior edge of the arcuate body. 
4.3.2.14.4 Secondary Eyes Visual Pathway 
As with the principal eye visual pathway, the secondary eye visual pathway is almost identical to 
that of Agelenopsis. The secondary eye visual pathway consists of well-formed paired laminae and 
structures which could be underdeveloped mushroom bodies (Figure 4.36). The independent secondary 
eye lamina cannot be detected. The secondary eye laminae are irregularly shaped with three small 
peaks along the anterior edge. Likely each peak represents one of the three secondary eye laminae. The 
peaks merge into globular masses with no clear definition. At the posterior edge of the laminae are 
indistinct masses that could be formed from glomeruli cells, indicating the presence of secondary eye 
medullae. These regions are less well developed than seen in Agelenopsis.  Optic chiasmas can be seen 
directly posterior to the secondary eye laminae, before the connection between the laminae and 
medullae. Direct connections between the laminae and the secondary eye optical tracts are large and 
easily seen. The secondary eye optical tracts run along the lateral edge of the undifferentiated 
protocerebral mass and project to the ventral edge of the arcuate body. As seen in Agelenopsis, 
Callobius does not have easily distinguished mushroom bodies, however a structure does exist that has 
some of the hallmarks of underdeveloped mushroom bodies. Such as a bundle of nerve fibers at the 
anterior edge of the undifferentiated protocerebral mass that run to a small bridge of nerve fibers that 
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cross the midline of the protocerebrum. Rather than forming in conjunction with the secondary eye 
optical tracts, as seen in D. spinosa and A. trifasciata, what could be the mushroom bodies of Callobius 
form well after the secondary eye optical tracts descend ventrally to the arcuate body. The heads of the 
putative mushroom bodies in Callobius are small bundles of fibers that develop along the anterior lateral 
edge of the undifferentiated protocerebral mass. The bridge of the putative mushroom bodies sits 
directly anterior to the protocerebral commissure and can be identified by the presence of a small 
bundle of nerve fibers that appear to cross the midline of the protocerebrum. The hasps and shafts of 
the putative mushroom bodies are not distinguishable. Direct connections between the secondary eye 
laminae and the putative mushroom bodies are not visible and the regions that could the mushroom 
bodies are small. Further studies should be done to concretely identify this region. 
4.3.2.14.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the central nervous mass (Table 
4.1, Figure 4.47). The major nerve tracts can be seen and the protocerebral commissure is well formed. 
The protocerebral mass is medially developed. The soma serving the protocerebrum are mostly confined 
to the dorsal and anterior regions of the mass. Beyond the ventral edge of the arcuate body the 
posterior cellular rind becomes less distinct, with cells mixing with a white membrane-like tissue. Cells 
are largely Type B cells, however, several Type C cells can be seen on the dorsal edge of the 
protocerebral rind.  
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4.3.2.14.6 Deutocerebrum 
The deutocerebrum is the smallest region of the brain (Table 4.1, Figure 4.47). The nerves 
coming from the chelicera are robust and are associate with many large soma of Type C cells within the 
cellular rind.  The cheliceral ganglia forms large ovoid shaped masses before joining with the 
deutocerebrum.  The deutocerebrum forms just dorsal to the division of the brain by the esophageal 
foramen. The cell bodies of the deutocerebrum are restricted to the anterior and lateral edges and 
appear to be largely Type B cells, studded with Type C cells along the anterior border. 
4.3.2.14.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily seen along with the large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge.  
4.3.2.15 Eutichuridae (Cheiracanthium sp. C.L. Koch, 1839) 
4.3.2.15.1 Natural History 
Eutichuridae is a small family with 2 genera and five species found in North America (World 
Spider Catalog 2015). Only one genera, Cheiracanthium, has a broad geographic distribution. The two 
species belonging to this genus are difficult to separate. Cheiracanthium are commonly found in sac-
shaped silk retreats during the day, and are active nocturnal hunters (Bradley, 2013).   
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4.3.2.15.2 Eye Organization 
The eyes of Cheiracanthium are similar in size are arranged along the entire anterior border of 
the cephalothorax, rather than being restricted to the medial region. The principal eyes sit along the 
median line of the face and their position is almost mirrored by the posterior medial eyes. The two pairs 
of lateral eyes form two dyads that sit on the lateral border of the medial eyes (Ubick et al. 2005, Figure 
4.37).  
4.3.2.15.3 Principal Eye Visual Pathway  
The principal eye visual pathway is comprised of well-defined paired laminae and medullae and 
an unpaired arcuate body (Figure 4.37). The principal eye laminae are well-defined ovoids that sit dorsal 
to the undifferentiated protocerebral mass. The principal eye laminae are the most dorsal regions of the 
central nervous mass and sit on the medial edge of the secondary eye laminae. They are visited by the 
optic nerves of the principal eyes. The posterior edges of the principal eye laminae are surrounded by 
soma, which are indistinguishable from the soma of the cellular rind of the undifferentiated 
protocerebral mass. Ventrally running nerve tracts connect the principal eye laminae with the principal 
eye medullae. Optic chiasmas between the laminae and medullae are clearly seen. The principal eye 
medullae are clear ovoid-shaped structures that sit medially to the secondary eye optical tracts. The 
principal eye medullae are located within the undifferentiated protocerebral mass and the ventral edges 
merge into the mass. Nerve fibers exit the medullae and enter into the region of the secondary eye 
optical tracts, progressing to the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well formed, with several layers of tangential nerves. Two of which are very well defined 
in the dorsal region of the arcuate body. Large columnar tracts appear to progress from soma at the 
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posterior edge of the arcuate body ventrally to the anterior edge. The arcuate body is less dorsally 
situated within the protocerebrum than seen in spiders such as K. hibernalis. A thick rind of small cell 
soma sit along the posterior edge of the arcuate body. 
4.3.2.15.4 Secondary Eyes Visual Pathway 
The secondary eye visual system consists of well-formed paired laminae and structures that 
could be underdeveloped mushroom bodies (Figure 4.38). The independent secondary eye laminae 
cannot be detected. The secondary eye laminae are almost identical to the principal eye laminae in 
shape. Optic chiasmas can be seen directly posterior to the secondary eye laminae before the nerves 
progress into the secondary eye optical tracts. Direct connections between the laminae and the 
secondary eye optical tracts are large and easily seen. The secondary eye optical tracts run along the 
lateral edge of the protocerebral mass and projects to the ventral edge of the arcuate body. Like 
Agelenopsis, Callobius and Parasteatoda, Cheiracanthium does not have easily distinguished mushroom 
bodies, however a structure does exist that has some of the hallmarks of underdeveloped mushroom 
bodies. Such as a bundle of nerve fibers at the anterior edge of the undifferentiated protocerebral mass 
that run to a small bridge of nerve fibers that cross the midline of the protocerebrum. Rather than 
forming in conjunction with the secondary eye optical tracts, as seen in D. spinosa and A. trifasciata, 
what could be the mushroom bodies of Cheiracanthium form well after the secondary eye optical tracts 
descend ventrally to the arcuate body. The heads of the putative mushroom bodies in Cheiracanthium 
are small bundles of fibers that develop along the anterior lateral edge of the undifferentiated 
protocerebral mass. The bridge of the putative mushroom bodies sits directly anterior to the 
protocerebral commissure and can be identified by the presence of a small bundle of nerve fibers that 
appear to cross the midline of the protocerebrum. The hasps and shafts of the putative mushroom 
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bodies are not distinguishable. Direct connections between the secondary eye laminae and the putative 
mushroom bodies are not visible and the regions that could the mushroom bodies are small. Further 
studies should be done to concretely identify this region. 
4.3.2.15.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the total central nervous mass 
(Table 4.1, Figure 4.47). The major nerve tracts can be seen and the protocerebral commissure is well-
formed. The protocerebral mass is medially developed. The soma serving the protocerebrum are mostly 
confined to the dorsal and anterior regions of the mass. Cells are largely Type B cells; however, a few 
Type C cells can be seen on the dorsal edge of the protocerebral rind.  
4.3.2.15.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust and are associate with many large soma of Type C cells 
within the cellular rind.  The cheliceral ganglia forms large ovoid shaped masses before joining with the 
deutocerebrum.  The deutocerebrum forms just dorsal to the division of the brain by the esophageal 
foramen. The cell bodies of the deutocerebrum are restricted to the anterior and lateral edges and 
appear to be largely Type B cells, studded with Type C cells along the anterior border. 
4.3.2.15.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
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abdominal ganglia are easily seen, along with the large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge.  
4.3.2.16 Ctenidae (Ctenus captiosus Gertsch, 1935) 
4.3.2.16.1 Natural History 
Ctenidae is a family of active nocturnal hunters, who do not build prey capture webs, with a 
largely tropical distribution (Ubick et al., 2005). Ctenus captiosus is a large (15-20 mm), member of this 
family, with a small range restricted to the Florida peninsula (Peck, 1981).  
4.3.2.16.2 Eye Organization 
The eyes of C. captiosus are of relatively equal size and form three distinct rows restricted to the 
anterior medial edge of the face. The small anterior medial eyes sit close together along the medial line. 
The anterior lateral eyes and the posterior medial eyes form a row immediately posterior to the anterior 
medial eyes. The posterior lateral eyes form the final row, sitting directly posterior to the anterior lateral 
eyes (Ubick et al. 2005, Figure 4.39). 
4.3.2.16.3 Principal Eye Visual Pathway  
The principal eye visual pathway of C. captiosus is comprised of well-defined paired laminae and 
medullae and an unpaired arcuate body (Figure 4.39). The principal eye laminae are well-defined ovoids 
that sit dorsal to the undifferentiated protocerebral mass. They are very similar in shape to that of A. 
pacificus and D. spinosa. The secondary eye laminae are the most dorsal regions of the central nervous 
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mass and the principal eye laminae sit along their posterior edge. The principal eye laminae are visited 
by the optic nerves of the principal eyes. The posterior edge of the principal eye laminae are surrounded 
by a small rind of soma, which are indistinguishable from the soma of the cellular rind of the secondary 
eye laminae. Nerve tracts connect the principal eye laminae with the principal eye medullae. Optic 
chiasmas between the laminae and medullae can be seen. The principal eye medullae are large and 
well-formed ovoid-shaped structures that sit medially to the secondary eye optical tracts on the anterior 
edge of the arcuate body. As seen in almost all other spiders in this study, they are located within the 
undifferentiated protocerebral mass and the ventral edges merge into the mass. Nerve fibers can be 
seen exiting the principal eye medullae and progress ventrally along the secondary eye optical tracts to 
the lateral phalanges of the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well formed, with several layers of tangential nerves. Two of which are very well defined 
in the dorsal region of the arcuate body. Large columnar tracts appear to progress from soma at the 
posterior edge of the arcuate body ventrally to the anterior edge. Rather than the thin crescent shape 
seen in spiders like A. trifasciata, the arcuate body almost appears to be wider than it is long. Similar to 
D. spinosa, the arcuate body is less dorsally situated within the protocerebrum. A thick rind of small cell 
soma sit along the posterior edge of the arcuate body. 
4.3.2.16.4 Secondary Eyes Visual Pathway 
The secondary eye visual pathway of C. captiosus is similar in organization to that of X. ferox and 
T. formicinus. The secondary eye visual system consists of three well-formed laminae with a three 
medullae and robust mushroom bods with visible heads, shafts, hasps and shared bridge (Figure 4.40). 
The independent secondary eye laminae can be distinguished and appear to be separated from each 
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other by a honeycomb structure.  Each secondary eye lamina is fan-shaped, with the narrowest part 
pointing anteriorly. Stalks of nerve fiber exit the posterior edges of the secondary eye laminae and enter 
the medullae. Each secondary eye laminae appears to have their own medullae. However, the medullae 
are not as clearly separated as the laminae. Optic chiasmas between the laminae and medullae cannot 
be clearly seen.  In addition to nerve fibers connecting the secondary eye laminae to the secondary eye 
medullae, there appears to be direct connections from the secondary eye laminae to the secondary eye 
optical tracts. The secondary eye optical tracts run along the lateral edge of the undifferentiated 
protocerebral mass and project to the ventral edge of the arcuate body. It is unclear if the nerve fibers 
forming the secondary eye optical tracts are coming from either the laminae, medullae or both. The 
three secondary eye medullae are ovoid-shaped masses formed from many glomeruli. The three masses 
are further grouped together to form larger irregular masses just anterior to the heads of the mushroom 
bodies.  A large tract of nerves leaves the posterior of the medullae and enter the heads of the 
mushroom bodies.  The heads of the mushroom bodies are very well-developed and form along the 
ventral medial edge of the secondary eye optical tracts. The shared bridge of the mushroom bodies sits 
directly anterior to the protocerebral commissure and can be identified by the presence of very large 
nerve fibers that appear to cross the midline of the protocerebrum. The hasps of the mushroom bodies 
are defined by larger nerve fibers along the lateral and medial borders. Large nerve fibers, likely 
associated with both the unilateral and bilateral giant output neurons, are visible.   
4.3.2.16.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48). The protocerebrum itself is the second largest portion of the total central nervous mass 
(Table 4.1, Figure 4.47). The major nerve tracts can be seen and the protocerebral commissure is well 
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formed and sits directly posterior to the bridge of the mushroom bodies. The protocerebral mass is 
medially developed. The soma serving the protocerebrum are mostly confined to the dorsal and anterior 
regions of the mass. Beyond the ventral edge of the arcuate body the posterior cellular rind becomes 
less distinct, with cells mixing with a white membrane-like tissue. Cells are largely Type B cells; however, 
several Type C cells can be seen on the dorsal edge of the protocerebral rind.  
4.3.2.16.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass consisting of 6% of the 
total brain volume (Table 4.1, Figure 4.47). The nerves coming from the chelicera are robust and are 
associate with many large soma of Type C cells within the cellular rind, especially along the posterior 
border of the boundary between the cheliceral nerve and the cellular rind.  The cheliceral ganglia form 
large tear dropped shaped masses before joining with the deutocerebral mass.  The deutocerebrum 
forms just dorsal to the division of the brain by the esophageal foramen. The cell bodies of the 
deutocerebrum are restricted to the anterior and lateral edges and appear to be largely Type B cells, the 
exception being several large Type C cells along the anterior edge of the cellular rind. 
4.3.2.16.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily seen along with the large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge. 
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4.3.2.17 Oxyopidae (Peucetia viridans (Hentz, 1832)) 
4.3.2.17.1 Natural History 
Oxyopidae is a family of ambush predators that have a widespread distribution. Three genera 
and eighteen species are found in North America (Ubick et al., 2005). Peucetia viridans is a large (14-16 
mm) green spider found commonly in agricultural field. Rather than build prey capture webs, the diurnal 
P. viridians hides in foliage and ambushes passing insect prey (Howell and Jenkins, 2004) 
4.3.2.17.2 Eye Organization 
The eyes of P. viridians are of relatively equal size and form two rows along the anterior border 
of the cephalothorax. The principal eyes and the anterior lateral eyes for a convex row along the most 
anterior border of the face. The posterior lateral and medial eyes form a concave row that sit on the 
dorsal surface of the cephalothorax and give the appearance of facing upward rather than forward 
(Ubick et al. 2005, Figure 4.41). 
4.3.2.17.3 Principal Eye Visual Pathway  
The principal eye visual pathway of P. viridians is comprised of well-defined paired laminae and 
medullae and an unpaired arcuate body (Figure 4.41). The principal eye laminae are well-defined ovoids 
that sit dorsal to the undifferentiated protocerebral mass. The principal eye laminae sit at the posterior 
edge of a cellular rind separating them from the more anterior secondary eye laminae. The principal eye 
laminae are visited by the optic nerves of the principal eyes. Nerve tracts exit the posterior edges of the 
principal eye laminae and project ventrally to the principal eye medullae. The principal eye medullae are 
large and well-formed ovoid-shaped structures that sit medially to the secondary eye optical tracts and 
on the anterior edge of the arcuate body. As seen in almost all other spiders in the study, they are 
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located within the undifferentiated protocerebral mass and their ventral edges merge into the mass. 
Nerve fibers can be seen exiting the principal eye medullae joining the secondary eye optical tracts and 
progressing to the lateral phalanges of the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well-formed, with several layers of tangential nerves seen in the dorsal region. Large 
columnar tracts appear to progress from soma at the posterior edge of the arcuate body ventrally to the 
anterior edge. Similar to D. spinosa, the arcuate body is less dorsally situated within the protocerebrum. 
A thick rind of small cell soma sit along the posterior edge of the arcuate body.  
4.3.2.17.4 Secondary Eyes Visual Pathway 
The secondary eye visual pathway of P. viridians is similar in organization to that of C. captiosus, 
X. ferox and T. formicinus. The secondary eye visual system consists of three well-formed laminae, 
paired medullae and robust mushroom bodies with visible heads, shafts, hasps and shared bridge 
(Figure 4.42). The independent secondary eye laminae can be detected. Each secondary eye lamina is 
arrowhead-shaped, with the narrowest part pointing anteriorly. Light bands of synaptic tissue border 
the anterior edges of the laminae and tangles of dense nerve fibers form the centers of the neuropils. 
Thick rinds of small cell soma border the posterior edges of the secondary eye laminae and medullae. 
These rinds appear to be separated from the cellular rind of the undifferentiated protocerebral mass by 
a thin membrane.  Thick bands of nerve fibers exit the posterior edges of the secondary eye laminae and 
enter the medullae. Individual secondary eye medullae cannot be identified. The medullae form arches 
of glomeruli around the forming heads of the mushroom bodies. Optic chiasmas between the laminae 
and medullae cannot be clearly seen.  In addition to nerve fibers connecting the secondary eye laminae 
to the secondary eye medullae, there appears to be direct connections from the secondary eye laminae 
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to the secondary eye optical tracts. The secondary eye optical tracts run along lateral edge of the 
undifferentiated protocerebral mass and projects to the ventral edge of the arcuate body. It is unclear if 
the nerve fibers forming the secondary eye optical tracts are coming only from the laminae or if 
additional fibers from the medullae also enter the secondary optical tracts. Large tracts comprised of 
many smaller bundles of nerve fibers leave the posterior of the medullae and enter the heads of the 
mushroom bodies.  The heads of the mushroom bodies are very well-developed and form along the 
ventral medial edge of the secondary eye optical tracts. Dark bands of nerve fibers appear to vertically 
divide the heads of the mushroom bodies. The bridge of the mushroom bodies sits anterior to the 
protocerebral commissure, but in a more dorsal position than in C. captiosus. Large dark nerve fibers 
define the bridge of the mushroom bodies. The hasps of the mushroom bodies are large bulbous shapes 
that form posterior and lateral to the heads of the mushroom bodies. The hasps are defined by very 
large nerve fibers along the lateral and medial borders. In addition, large nerve fibers can be seen 
passing through the hasps and branching into the heads and the bridge/shafts regions. Large nerve 
fibers, likely associated with both the unilateral and bilateral giant output neurons, are visible.   
4.3.2.17.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48), although this is a smaller proportion than other spiders in the study, such as T. formicinus. 
The protocerebrum itself is the second largest portion of the total central nervous mass (Table 4.1, 
Figure 4.47). The major nerve tracts can be seen. The protocerebral commissure is well formed and sits 
ventral to the bridge of the mushroom bodies along the posterior border. The protocerebral mass is 
medially developed. The soma serving the protocerebrum are mostly confined to the dorsal and anterior 
regions of the mass. Beyond the ventral edge of the arcuate body the posterior cellular rind becomes 
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less distinct, with cells mixing with a white membrane-like tissue. Cells are largely Type B cells; however, 
several Type C cells can be seen on the dorsal edge of the protocerebral rind.   
4.3.2.17.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust and are associate with many large soma of Type C cells 
within the cellular rind. Especially along the posterior border of the boundary between the cheliceral 
nerve and the cellular rind.  The cheliceral ganglia form large tear-dropped shaped masses that quickly 
join with the deutocerebral mass.  The deutocerebrum forms just dorsal to the division of the brain by 
the esophageal foramen. The cell bodies of the deutocerebrum are restricted to the anterior and lateral 
edges and appear to be largely Type B cells, the exception being several large Type C cells along the 
anterior edge of the cellular rind. 
4.3.2.17.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily seen along with the large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge. 
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4.3.2.18 Pisauridae (Pisaurina mira (Walckenaer, 1837)) 
4.3.2.18.1 Natural History 
Pisauridae, commonly called fishing or nursery web spiders, are large active hunters with 3 
genera and 14 species represented in North America.  Pisaurina mira are large (12.5-16.5 mm) spiders 
and are not as aquatic as some other members of this family. Pisaurina mira are often found on 
vegetation at the border between grasslands and woods (Ubick et al., 2005). 
4.3.2.18.2 Eye Organization 
The eyes of P. mira are of relatively equal size and form two recurved rows along the anterior 
border of the cephalothorax. The principal eyes and the anterior lateral eyes form the anterior recurved 
row, with the posterior lateral and posterior medial eyes forming the posterior recurved row (Ubick et 
al. 2005, Figure 4.43). 
4.3.2.18.3 Principal Eye Visual Pathway  
The principal eye visual pathway of P. mira is comprised of well-defined paired laminae and 
medullae and an unpaired arcuate body (Figure 4.43). The principal eye laminae are well-defined ovoids 
that sit dorsal to the undifferentiated protocerebral mass. The principal eye laminae sit at the posterior 
edges of the secondary eye laminae, but are dorsal to the secondary eye medullae. The principal eye 
laminae are visited by the optic nerves of the principal eyes. Nerve tracts exit the posterior edges of the 
principal eye laminae and project ventrally to the principal eye medullae. Optic chiasmas between the 
principal eye laminae and medullae are visible. The principal eye medullae are large and well-formed 
ovoid-shaped structures that sit medially to the secondary eye optical tracts and on the anterior edges 
of the arcuate body. As seen in almost all other spiders in this study, they are located within the 
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undifferentiated protocerebral mass and the ventral edges merge into the mass. Nerve fibers can be 
seen exiting the principal eye medullae and running along the secondary eye optical tracts to the lateral 
phalanges of the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well-formed, with several layers of tangential nerves in the dorsal region. Large 
columnar tracts appear to progress from soma at the posterior edge of the arcuate body ventrally to the 
anterior edge. Similar to D. spinosa, the arcuate body is less dorsally situated within the protocerebrum. 
A thick rind of small cell soma sit along the posterior edge of the arcuate body  
4.3.2.18.4 Secondary Eyes Visual Pathway 
The secondary eye visual pathway of P. mira is similar in organization to that of P. viridians, C. 
captiosus, X. ferox and T. formicinus. The secondary eye visual pathway consists of three well-formed 
laminae with large paired medullae and robust mushroom bodies with visible heads, shafts, hasps and a 
shared bridge (Figure 4.44). The independent secondary eye laminae can be distinguished. The two most 
anterior secondary eye laminae are arrowhead shaped with the narrowest part pointing anteriorly. Light 
bands of synaptic tissue border the anterior edges with tangles of dense neve fiber forming the center 
of the neuropils. The posterior secondary eye laminae form a ruffled band of light synaptic tissue along 
the posterior edge of the anterior laminae. Thick rinds of small cell soma border the posterior edges of 
the secondary eye laminae and medullae. These rinds appear to be formed from much smaller cell soma 
than those associated with the undifferentiated protocerebral mass.  Thick bands of nerve fiber bundles 
exit the posterior edges of the secondary eye laminae and enter the medullae. Individual secondary eye 
medullae can be identified, but are not as separate as the laminae. The medullae form arches of 
glomeruli around the forming heads of the mushroom bodies. Optic chiasmas between the laminae and 
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medullae cannot be clearly seen.  In addition to nerve fibers connecting the secondary eye laminae to 
the secondary eye medullae, there appears to be direct connections from the secondary eye laminae to 
the secondary eye optical tracts. The secondary eye optical tracts run along the lateral edge of the 
undifferentiated protocerebral mass and projects to the ventral edge of the arcuate body. It is unclear if 
the nerve fibers forming the secondary eye optical tracts are coming only from the laminae or if 
additional fibers from the medullae also enter the secondary optical tracts.  
Large tracts comprised of many smaller bundles of nerve fibers leave the posterior of the 
medullae and enter the heads of the mushroom bodies.  The heads of the mushroom bodies are very 
well-developed and form along the ventral medial edge of the secondary eye optical tracts. The bridge 
of the mushroom bodies sits anterior to the protocerebral commissure. Large dark nerve fibers define 
the bridge of the mushroom bodies. The hasps of the mushroom bodies are defined by very large nerve 
fibers along the lateral and medial borders. In addition, large nerve fibers can be seen passing through 
the hasps and branching into the heads and the bridge/shafts regions. Large nerve fibers, likely 
associated with both the unilateral and bilateral giant output neurons, are visible.   
4.3.2.18.5 Undifferentiated Protocerebral Mass 
The protocerebral mass not associated with visual neuropils is the largest region of the 
protocerebrum (Table 4.2, Figure 4.48). The protocerebrum itself is the second largest portion of the 
central nervous mass (Table 4.1, Figure 4.47). The major nerve tracts can be seen. The protocerebral 
commissure is well formed and sits ventral to the bridge of the mushroom bodies along their posterior 
border. The protocerebral mass is medially developed. The soma serving the protocerebrum are mostly 
confined to the dorsal and anterior regions of the mass. Beyond the ventral edge of the arcuate body 
the posterior cellular rind becomes less distinct, with cells mixing with a white membrane-like tissue. 
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Cells are largely Type B cells, however, several Type C cells can be seen on the dorsal edge of the 
protocerebral rind   
4.3.2.18.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust and are associate with many large soma of Type C cells 
within the cellular rind, especially along the posterior border of the boundary between the cheliceral 
nerve and the cellular rind.  The cheliceral ganglia forms large ovoid shaped masses that quickly join 
with the deutocerebral mass.  The deutocerebrum forms just dorsal to the division of the brain by the 
esophageal foramen. The cell bodies of the deutocerebrum are restricted to the anterior and lateral 
edges and appear to be largely Type B cells, the exception being several large Type C cells along the 
anterior edge of the cellular rind. 
4.3.2.18.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in this study. The pedipalp, leg and 
abdominal ganglia being easily seen and with large robust lateral and transverse tracts. The cells bodies 
of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the mass 
with large type D cells along the medial line of the cellular rind as well as along the most ventral edge. 
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4.3.2.19 Lycosidae (Rabidosa rabida (Walckenaer, 1837)) 
4.3.2.19.1 Natural History 
Lycosidae, commonly known as wolf spiders, are a large family of well-known spiders with 16 
genera and 238 species found in North America (Ubick et al., 2005). Rabidosa rabida is a large, 16-21 
mm member of the family. Rather than building a prey capture web, R. rabida is a nocturnal ambush 
hunter that uses its vision to detect passing prey (Howell and Jenkins, 2004). 
4.3.2.19.2 Eye Organization 
The eyes of R. rabida are of unequal size and form three rows on the anterior side of the 
cephelothorax. The principal eyes are reduced and sit along the anterior border of the face. They are 
bordered by the small anterior lateral eyes. The posterior median eyes are enlarged and sit directly 
above the two anterior eyes. The posterior lateral eyes are also enlarged, though not as much as the 
posterior medial eyes and sit well posterior to the posterior medial eyes along the dorsal edge of the 
cephalothorax (Ubick et al. 2005, Figure 4.45). 
4.3.2.19.3 Principal Eye Visual Pathway  
The principal eye visual pathway of R. rabida is comprised of well-defined paired laminae and 
medullae and an unpaired arcuate body (Figure 4.45). The principal eye laminae are well-defined ovoids 
that sit dorsal to the undifferentiated protocerebral mass. The principal eye laminae sit along the 
posterior edges of both the secondary eye laminae and medullae. The principal eye laminae are visited 
by the optic nerves of the principal eyes. Nerve tracts exit the posterior edges of the principal eye 
laminae and project ventrally to the principal eye medullae. Optic chiasmas between the principal eye 
laminae and medullae are visible. The principal eye medullae are large and well-formed ovoid-shaped 
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structures that sit medially to the secondary eye optical tracts and anterior to the arcuate body. The 
principal eye medullae are located within the undifferentiated protocerebral mass and the ventral edges 
merge into the mass. Nerve fibers can be seen exiting the principal eye medullae and merging with the 
secondary eye optical tracts, which then progress to the lateral phalanges of the arcuate body.  
The arcuate body is the largest of the principal eye optic neuropils (Table 4.3, Figure 4.49). The 
arcuate body is well-formed, with several layers of tangential nerves in the dorsal region. Large 
columnar tracts appear to progress from soma at the posterior edge of the arcuate body ventrally to the 
anterior edge. The arcuate body is less dorsally situated within the protocerebrum and similar to C. 
captiosus, is medially thickened. A thick rind of small cell soma sit along the posterior edge of the 
arcuate body.  
4.3.2.19.4 Secondary Eyes Visual Pathway 
The secondary eye visual pathway of R. rabida is similar in organization to that of P. mira, P. 
viridians, C. captiosus, X. ferox and T. formicinus. The secondary eye visual system consists of three well-
formed laminae with large paired medullae and robust mushroom bodies with very large heads, shafts, 
hasps and a shared bridge (Figure 4.46). The independent secondary eye laminae can be detected and 
are of differing sizes and shapes. The largest pair of secondary eye laminae begin to form in the most 
dorsal region of the central nervous mass. They are ruffled bands of light synaptic tissue bordered by 
optic nerves on the anterior ends and a dense tangled bands of fiber along the posterior edges.  The 
second largest pair of laminae form on the anterior edges of the first laminae and are irregular masses 
of folded synaptic tissue. The final and smallest pair of laminae form posterior to the second largest 
laminae and ventral to the largest laminae. They are fan-shaped laminae that are reminiscent of the 
secondary eye laminae of C. captiosus. Thick rinds of small cell soma border the posterior edges of the 
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secondary eye laminae and medullae. These rinds appear to be formed from much smaller cell soma 
than the rind associated with the undifferentiated protocerebral mass.  Thick bands of nerve fiber 
bundles exit the posterior edges of the secondary eye laminae and enter the medullae. These bands 
appear to be made of many smaller groups of densely interwoven fibers.  Individual secondary eye 
medullae cannot be identified, as in C. captiosus. The medullae form arches of glomeruli around dense 
networks of nerve fibers. Optic chiasmas between the laminae and medullae can be seen, but not 
clearly.  In addition to nerve fibers connecting the secondary eye laminae to the secondary eye 
medullae, there appears to be direct connections from the secondary eye laminae to the secondary eye 
optical tracts. The fibers forming the direct connection to the secondary eye optical tracts are much 
larger in diameter than those seen between the laminae and the medullae. The secondary eye optical 
tracts run at the lateral edge of the protocerebral mass and project to the ventral edge of the arcuate 
body. It is unclear if the nerve fibers forming the secondary eye optical tracts are coming only from the 
laminae or if additional fibers from the medullae also enter the secondary optical tracts.  
Large tracts comprised of many smaller bundles of nerve fibers leave the posterior of the 
medullae and enter the heads of the mushroom bodies.  The heads of the mushroom bodies are 
extremely large and form anterior to the undifferentiated protocerebral mass. The heads of the 
mushroom bodies give rise to very large shaft regions. A dark band of nerve fiber crosses diagonally 
across what is likely the border between the head and shaft of the mushroom bodies.  The bridge of the 
mushroom bodies sits anterior and dorsal to the protocerebral commissure. Large dark nerve fibers 
define the bridge of the mushroom bodies. The hasps of the mushroom bodies are defined by very large 
nerve fibers along the lateral and medial borders. Large nerve fibers, likely associated with both the 
unilateral and bilateral giant output neurons, are visible.  Cell soma for the mushroom bodies are 
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restricted to the anterior edges, although what appears to be a small number of cell soma can be seen 
on the posterior edge of the bridge.   
4.3.2.19.5 Undifferentiated Protocerebral Mass 
The undifferentiated protocerebral mass is the largest region of the protocerebrum (Table 4.2, 
Figure 4.48), but is a smaller proportion than seen in many other spiders in the study. The 
protocerebrum itself is the second largest portion of the central nervous mass (Table 1, Figure 4.47). The 
major nerve tracts can be seen. The protocerebral commissure is well-formed and sits ventral to the 
bridge of the mushroom bodies along their posterior borders. The protocerebral mass is medially 
developed. The soma serving the protocerebrum are mostly confined to the dorsal and anterior regions 
of the mass. Beyond the ventral edge of the arcuate body the posterior cellular rind becomes less 
distinct, with cells mixing with a white membrane-like tissue. Cells are largely Type B cells; however, 
several Type C cells can be seen on the dorsal edge of the protocerebral rind.   
4.3.2.19.6 Deutocerebrum 
The deutocerebrum is the smallest region of the central nervous mass (Table 4.1, Figure 4.47). 
The nerves coming from the chelicera are robust and are associated with many large soma of Type C 
cells within the cellular rind, especially along the posterior border of the boundary between the 
cheliceral nerve and the cellular rind.  The cheliceral ganglia forms large tear-dropped shaped masses 
that quickly join with the deutocerebral mass.  The deutocerebrum forms just dorsal to the division of 
the brain by the esophageal foramen. The cell bodies of the deutocerebrum are restricted to the 
anterior and lateral edges and appear to be largely Type B cells, the exception being several large Type C 
cells along the anterior edge of the cellular rind. 
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4.3.2.19.7 Subesophageal Mass 
The subesophageal mass is the largest region of the central nervous mass (Table 4.1, Figure 
4.47). The overall shape is very similar to that of all other spiders in the study. The pedipalp, leg and 
abdominal ganglia are easily seen along with the large robust lateral and transverse tracts. The cells 
bodies of the subesophageal mass are largely restricted to a layered rind along the ventral edge of the 
mass with large type D cells along the medial line of the cellular rind as well as along the most ventral 
edge. 
 4.4 Discussion 
4.4.1 Morphological Conditions 
As first noticed by Hanström (1935), spider families vary greatly in the size and organization of 
their visual neuropils. In the current study of 19 families, I have identified large variations in the 
morphology, relative volume and organization of the neuropils of the secondary eye visual system (Table 
4.4, Figures 4.50 & 4.51). I suggest that these spiders can be categorized into one of four morphological 
conditions based on the organization of the secondary eye visual system (Table 4.5, Figure 4.51). 
Condition One spiders have only the paired laminae, and information from the secondary eyes enter the 
protocerebrum via the secondary eye optical tracts only. Condition Two spiders have both paired 
secondary eye laminae and mushroom bodies, but lack visible medullae. Information from the 
secondary eyes laminae enter the protocerebrum from both the secondary eye optical tracts and the 
mushroom bodies. Condition Three spiders have paired secondary eye laminae, but the medullae and 
mushroom bodies were not clearly visible. However, enough morphological evidence exists to grant 
Condition Three spiders putative mushroom bodies. In Condition Three spiders, nerve fibers from the 
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secondary eye laminae to the secondary eye optical tracts can be identified, but nerve fibers from the 
secondary eye laminae to putative medullae or mushroom bodies cannot. Condition Four spiders have 
paired secondary eye laminae, medullae and large mushroom bodies. Salticidae, which can be described 
Condition Four spiders, are the only spiders I examined that also have the addition of the secondary eye 
lateral neuropils.  
Spiders that can be described as Condition One (Antrodiaetidae, Hypochilidae, Filistatidae and 
Pholcidae, Scytodidae) had the least developed of the visual systems. The principal eye visual system in 
almost all Condition One spiders have paired principal eye laminae and medullae, as well as a large 
unpaired arcuate body. The exception is Pholcidae, where the principal eye medullae were not visible 
(Figure 4.49). It is likely that the medullae exist, but were not readily seen. The medullae of spiders often 
appeared embedded in the main protocerebral mass and it is possible that the region in Pholcidae was 
too small to be detected by the broad stain used in the study. Other researchers have identified reduced 
secondary eye visual pathways separately in a handful of spiders. Hanström (1935) classified spiders 
lacking clear mushroom bodies, which he termed the corpora pedunculata, as Agalenidetypus and 
included Filistatidae and Amaurobiidae as members of this group, families that I also studied. Babu 
(1965) noted that the Theraphosid spider Poecilotheria also lacked secondary eye medullae and 
mushroom bodies, which he attributed to the lack of concentrated region of globuli cells. In spiders that 
have secondary eye medullae and mushroom bodies, such as Cupiennius, the bifurcated nerve 
projections of the bidirectional globuli cells form the medullae and the head of the mushroom bodies. 
One projection of the globuli cell projects into the medullae where the fibers bundle together to form 
glomeruli. The second projection forms the heads of the mushroom bodies. The lack of a medullae and 
mushroom bodies in Group One spiders is likely due to a massive reduction in the globuli cells that make 
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up these two structures. What functional loss this has for the spider’s visual system is unclear, as we do 
not understand what information each neuropil is processing.  
Spiders I describe as Condition Two (Deinopidae and Araneidae) have large mushroom bodies 
and no secondary eye medullae. Condition two spiders are an interesting group. As defined by the work 
on Cupiennius and Salticidae (Hill, 2006; Barth, 2002; Strausfeld, 2012; Strausfeld and Barth, 1993), the 
mushroom bodies are formed by extensions from bipolar globuli cells that connect the glomeruli of the 
medullae and mushroom body heads. However, no glomeruli or other neuropil-like structure between 
the laminae and mushroom body heads are seen in these spiders and the fibers that form the heads of 
the mushroom bodies appear to be making direct connections to the laminae. With the exception of not 
being connected to the medullae, the mushroom bodies of Group Two spiders have many structural 
similarities to the large mushroom bodies of Group Four spiders. They have head regions formed from 
incoming fibers originating upstream in the visual pathway and a large shared bridge, with fibers 
crossing the midline and branching fibers forming the shafts. They also have a very similar configuration 
of giant output fibers as seen in Cupiennius. This combination of traits leads me to conclude that the 
mushroom bodies of these spiders likely serve the same function, that of a third order optic neuropil, as 
the mushroom bodies of Condition Four spiders. Comparative electrophysiological and histological 
studies between Condition Two and Condition Four spiders might help elucidate the function of the 
medullae in the visual pathway. 
Condition Three spiders (Nephilidae, Theridiidae, Agelenidae, Amaurobiidae and Eutichuridae) 
are likely examples of a miniaturization of the secondary eye structures seen in Condition Four spiders. 
Condition Three spiders have identifiable laminae with an irregular mass at the posterior end. This mass 
could be a small region of indistinct glomeruli, indicating the presence of greatly reduced medullae. 
Additionally, a small structure within the protocerebrum appears to be very reduced mushroom bodies. 
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As the medullae and the mushroom bodies are, at least partly, made up from projections from the same 
globuli cells, small medullae likely correspond to a small mushroom bodies. Interestingly, some 
members of this group have been identified as having no mushroom bodies at all by other researchers. 
Hanström (1935) grouped Theridiidae with Filistatidae as having no visible mushroom bodies; however, I 
have identified a region in the Theridiidae that at least preliminarily resembles a reduced mushroom 
body. Park et al. (2013) evaluated the nervous system of Nephila claviata, a close relative of Nephila 
clavipes, and found no globuli cells, medullae or mushroom bodies. In my study fo N. clavipies I found 
what appears to be greatly reduced masses of glomeruli at the posterior end of the laminae, as well as a 
structure that has many physical hallmarks of reduced mushroom bodies.  
Condition Four spiders (Philodromidae, Salticidae, Thomisidae, Ctenidae, Oxyopidae, Pisauridae 
and Lycosidae) represent the best understood brain organization, owing to the outstanding work done 
on Cupiennius (for a review see Barth 2002). Cupiennius is a large Brazilian wandering spider that has 
been the focus of almost all studies on spider neurobiology (Barth, 2002). Condition Four spiders, like 
Cupiennius, are identified by the presence of large laminae, medullae and paired mushroom bodies. 
4.4.1.1 Future Directions 
4.4.1.1.1 Condition Two and Three 
 
Condition One and Condition Four represent the most easily identifiable morphological groups. 
However, Condition Two and Condition Three raise many interesting question regarding the 
organization of the secondary eye visual pathway. 
In Condition Two spiders, information from the laminae appear to pass directly into the heads of 
the mushroom bodies. In Condition Four spiders, axons from the laminae do not pass to the medullae in 
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a traditional optic chiasma. Instead, smaller discrete units of the retinal mosaic form smaller chiasmas 
that pass to glomeruli within the medullae. Strausfeld (2012) proposed that this chiasmic chunking may 
provide the spider with more detailed motion data across small regions of the visual field, but at the 
expense of the integration of panoramic motion. This would allow the spider to have better accuracy 
when directing the turning of the body toward moving objects within the visual field. The lack of the 
medullae within Condition Two spiders allows for comparative studies of motion detecting between two 
brain types and may help elucidate the function of the medullae.  
Condition Three represents the least understood morphological condition of the four described 
in this study. Rather than being united by a similar secondary eye visual pathway organization, these 
spiders are grouped by the poor definition the secondary eye medullae and mushroom bodies. It is 
possible that with better definition this condition could be split into further conditions or merged into 
one of the existing conditions. This will largely be determined by the origin and characterization of the 
nerve fibers that make up the putative medulla and mushroom bodies. For example, if the putative 
medulla and mushroom bodies are formed by globuli cells linking the two neuropils they may represent 
a reduced version of the Condition Four nervous system. If there is no evidence of a reduced medulla, 
but the morphology of the putative mushroom bodies can be confirmed, then Condition Three spiders 
may be an example of a greatly reduced Condition Two nervous system. In addition, Condition Three 
may represent a distinct nervous system organization.    
4.4.2 Variation within Conditions 
 Even within the four different conditions there is a large amount of variation in the morphology 
of the secondary eye neuropils (Table 4.6). The individual lamina in almost all Condition One spiders are 
indistinguishable from each other (Figure 4.52). An exception is in the Hypochilidae, where the three 
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lamina can be easily distinguished from each other. It is likely, but remains to be determined, that the 
remaining Condition One spiders have individual lamina, but they are positioned too closely together to 
be distinguished. Why Hypochilidae would have more distinct individual lamina is unclear. Behaviorally, 
it does not stand out from the other spiders in the group (Figure 4.9). Although it builds a unique 
lampshade shaped web, it is not the only web builder in Condition One. Like other members of the 
group it is largely nocturnal. The laminae are likely retinotopic neuropils, as commonly seen in insects 
(Strausfeld 2012). In retinotopic neuropils, each retinal cell is represented by a retinotopic nerve 
projection within the neuropil (reviewed in Strausfeld 2012). This maintains a retinal map of the visual 
field within the neuropil. An additional consequence is that a larger number of retinal cells, ignoring 
other non-retinotopic nerve projections such as tangential nerves, will result in correspondingly larger 
number of retinotopic nerve projections within the neuropil (Strausfeld 2012).   Therefore, it is possible 
that the retinas of the secondary eyes in Hypochilidae contain a larger number of retinal cells than other 
spiders in Condition One, resulting in correspondingly larger and more distinct laminae. Comparing the 
level of definition with retinal cell number within this group and in the other three conditions would 
confirm if there is a correlation between retinal cell number and lamina morphology. 
 Condition Two spiders vary greatly in the morphology of the secondary eye lamina and less so in 
the shape of the mushroom bodies (Figure 4.53). The laminae of A. trifasciata have a distinctive ruffled 
appearance, similar to the head of a cauliflower (Figure 4.22), while the laminae of D. spinosa are 
convoluted horseshoes that are striated with layers of dark nerve fiber (Figure 4.24), possibly from 
tangential fibers. The mushroom bodies of D. Spinosa are the most robust of all spiders in the study, 
with the exception of the heads of the salticid mushroom bodies. Behaviorally, these two spiders differ 
greatly (Figure 4.9). Argiope trifasciata is a diurnal orb weaver that generally remains motionless in its 
web when not wrapping prey captured in the web’s sticky strands. D. spinosa on the other hand, is a 
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nocturnal spider that hunts in a unique way. It hangs upside down from vegetation and holds a sticky 
web between its four anterior feet, like a net. Using its greatly enlarged and sensitive posterior medial 
eyes, it can detect the movement of prey and capture it using its net web. Little is known about the 
number of retinal cells in the of the secondary eyes of A. trifasciata, although pilot data indicates they 
are larger than predicted for a sessile orb weaver. It is possible that the horseshoe shape of the laminae 
in D. spinosa is somehow connected to its dependence on visual information for prey capture, compared 
to ruffled appearance of A. trifasciata, which is less directly dependent on vision for prey capture. 
Comparing the dependence on visual information during foraging and retinal density within orb weaving 
spiders may reveal any correlation. In addition, it is possible that the internal structure of the lamina, 
such as the presence and quantity of wide and short field tangential neurons as well as other nerve 
fibers could be responsible for the shape of the neuropil. This should be explored using more in-depth 
characterization of this region via localized nerve tracing.  
 The morphology of the laminae in Condition Three are the most similar of the four conditions 
(Figure 4.54). They are largely ovoid shaped masses that differ in the visibility of individual lamina within 
the mass. Similar to Condition One, these spiders vary in foraging behavior and eye morphology and 
further characterization of the neuron communities of the various laminae should be undertaken. 
 Condition Four spiders show wide variation in the morphology of the laminae, medullae and 
mushroom bodies (Figure 4.55). None of these spiders build capture webs and instead depend on either 
active or ambush hunting to capture prey. The laminae of Condition Four spiders include the individual 
ovoid shapes of T. formicinus and C. captiosus; the arrowhead shapes of P. viridans and P. mira and the 
convoluted accordion shapes of X. ferox, P. audax and R. rabida. The medullae appear to differ in the 
number and size of the glomeruli. The mushroom bodies of all Condition Four spiders are large and well 
formed, but the heads of P. viridians, R. rabida and P. audax are especially large. The morphology of P. 
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audax are the most elaborate and robust of all the spiders in the study. It is the only animal where the 
protocerebrum is almost half of the total brain volume, compared to roughly 20-30% generally seen in 
the study.  
 There does not seem to be a tight link between behavior and morphology within this group. For 
example, X. ferox and T. formicinus have similar foraging behavior and are diurnal ambush hunters, but 
the laminae of T. formicinus is more similar to that of C. captiosus, a nocturnal hunter, than to that of X. 
ferox. I think it is likely that the differing laminae morphologies are linked to the internal organization of 
the neuropils, as suggested for Condition Two spiders. The difference between the number of glomeruli 
within the medullae may be related to the number of retinal cells. As suggested by Strausfeld (2012), the 
medulla represents a chunked but retinotopic version of the retinal mosaic. Rather than the true one-to-
one relationship the lamina, here multiple retinal cells may be tangled together into a single glomerulus. 
It is unknown how many retinal cells are represented within individual glomerulus. The next step would 
be to compare retinal cell number to glomerulus number as well as the number of individual nerve 
fibers from the laminae that make up the individual glomeruli. 
4.4.3 Phylogenetic Relationships 
The presence of a single neuropil between the eye and the protocerebral mass is the ancestral 
condition for all chelicerates, as it has been observed in fossils proposed to be from the stem chelicerate 
lineage (Tanaka et al., 2013). Much is still to be determined within the phylogeny of spiders. However, 
given the current phylogeny there appears to be several possible losses and gains of the number of optic 
neuropils within the secondary eye visual pathway (Tables 4.5 & 4.6, Figure 4.56). Spiders lost the 
olfactory organs seen in basal arachnid groups, such as amblypygids and uropygids. In these basal 
groups the mushroom bodies are large and associated with olfactory glomeruli (Strausfeld, 2012). The 
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most basal spiders A. pacificus, Hypochilus sp., K. hibernalis, P. phalangioides and S. thoracica, have only 
one set of external secondary eye visual neuropils, the laminae. Mushroom body structures, though 
likely functionally different from those of basal arachnids, appear in both superfamilies, Araneoidae (A. 
trifasciata) and Deinopoidae (D. spinosa), within the Orbiculariae.  Recent genetic evidence based on the 
genes responsible for silk proteins supports the monophyly of Orbiculariae (Garb et al. 2006); therefore, 
it is possible that the mushroom bodies of both A. trifasciata and D. spinosa share a single origin. 
However, the mushroom body was either lost or greatly reduced in the derived Araneoidaes, N. clavipes 
and P. tepidariorum. The first appearance of both medullae and robust mushroom bodies appear within 
the RTA clade. This clade is named for the retrolateral tibial apophyses found on the male pedipalps. 
Most members do not use prey capture webs (Coddington 2005). Within the RTA clade the dionycha 
group, defined by the morphology of the tarsi, have the first appearance of all three optic neuropils in 
the secondary eye visual pathway. This group includes the possible sister group of P. audax and T. 
formicinus (Ramirez 2014) and X. ferox, all three of which have laminae, medullae and mushroom 
bodies. Phidippus audax as further elaborated the secondary eye visual system with the addition of a 
small lateral eye neuropil not seen in other spiders. Ramirez (2014) has suggested that Eutichuridae, the 
family containing Cheiracanthium sp., should be placed within the Dionycha, which would represent a 
major reduction or loss of the medullae and mushroom bodies within this group.   The remainder of the 
spiders within the study belong to the Amaurobiodis, a group with dubious monophyly (Coddington 
2005). Amaurobiodis are a sister group to the Dionycha. Basal Amaurobiodis, Agelenopsis sp. and 
Callobius sp., are either lacking medullae and mushroom bodies or have very reduced versions of these 
structures. This could represent the ancestral condition of the Amaurobiodis or a loss and reduction of 
these structures after an initial gain in the ancestor of the RTA clade. The medullae and mushroom 
bodies are regained or retained in the Lycodoids, a group containing C. captiosus, P. viridians, P. mira 
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and R. rabida. All of these spiders have large robust medullae and mushroom bodies very similar to 
those seen in the Dionycha group. This may indicate that the presence of the medullae and mushroom 
bodies are the ancestral condition of the RTA clade and Agelenopsis sp. and Callobius sp. represent 
separate losses or reductions of these structures. Traditionally, the family containing Cheiracanthium sp. 
was placed as a sister group to Ctenidae. If so, it would represent an independent loss or reduction of 
the medullae and mushroom bodies. Ramirez (2014) has hypothesized that Cheiracanthium should be 
moved into the Dionycha, where it would still indicate a loss or reduction in these structures.   
4.4.4 The function of the medulla and mushroom bodies 
 The mushroom bodies in spiders are not functionally identical to the structure of the same 
name in insects. In insects, the mushroom bodies integrate multimodal information, including vision and 
olfaction, and are associated with complex behaviors such as memory and learning. In spiders, the 
primary function of the mushroom bodies, determined from the characterization of the neuronal 
organization in Cupiennius and less so in Salticidae, is as a third order retinotopic neuropil for the 
secondary eyes. The loss of the mushroom body appears to have occurred early in the lineage of 
spiders; the most basal groups of modern spiders do not appear to have mushroom body structures. 
Why, then, do these structures reappear at least twice within the lineage, once in the Orbiculariae and 
again within the RTA clade? There are at least three possible explanations for the mushroom bodies 
reappearance. One is as simple as an increase in retinal cell number. It is possible that spiders with more 
secondary eye retinal cells, and therefore more visual information and nerve fibers to be processed and 
organized within the central nervous system, have evolved the mushroom bodies to increase the 
efficiency of visual information processing. A general pattern of brain elaboration is the association 
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between the increase in sensory brain centers associated with behaviorally important sensory organs 
(Farris 2013).  To begin to evaluate this, comparisons should be made between retinal cell number and 
the presence and absence and the relative volume of the mushroom body within multiple groups of 
spiders.  
Secondly, mushroom bodies could increase the speed in which motion information from the 
secondary eyes is passed to motor centers in the subesophageal mass. In spiders with mushroom 
bodies, large output neurons directly connect the mushroom bodies to fiber tracts leading to the motor 
centers in the subesophageal mass, perhaps providing a fast pathway between retinotopic motion 
information and motor centers responsible for turning behaviors. Comparative behavioral studies of 
turning behavior between spiders with mushroom bodies and those without may be valuable for 
evaluating this possibility. In addition, electrophysiological measurements of the speed at which motion 
information is passed to motor centers in spiders with and without mushroom bodies would be 
invaluable.  
Thirdly, an increase in the integration of information from the secondary eyes and other sensory 
systems within the spider’s central nervous system could be responsible for the appearance of the 
mushroom bodies. Although the mushroom bodies receive only direct information from the secondary 
eyes, there is evidence that the mushroom body may receive inputs from the subesophageal mass 
(Barth 2002) and could act as an integration center for animals with more complex behavioral 
repertoires. In insects, increased complexity of feeding behaviors has been correlated with the evolution 
of complex higher brain centers, such as the mushroom bodies (Farris 2013). It is possible, therefore, 
that an increase in foraging complexity in spiders is associated with the appearance and possible 
complexity of the mushroom bodies. This explanation depends largely on a more complete 
understanding of the organization of the mushroom bodies. Due to the lack of electrophysiological 
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studies for this region, we have almost no idea how visual information is being represented within this 
structure or the level to which other sensory information may be integrated within it.  
Insect medullae are complex multilayered regions of visual organization. They receive multiple 
channels of color and color-insensitive information and organize it for processing in downstream 
processing centers (Strausfeld 2012). The medullae of spiders are much simpler, largely owing to the 
fact that visual information is already divided at the peripheral level of the spider’s visual system. The 
secondary eyes likely only receive color-insensitive motion information, whereas the principal eyes 
receive detail and if available, color information. Therefore, the secondary eye medullae process only 
information about motion across the visual field. In addition, the medullae are retinotopic centers that 
retain the relative relationship of the retinal mosaic (Strausfeld 2012). Why some spiders, such as 
Condition Four spiders, have evolved medullae while other have not may be linked to how the motion is 
processed with Condition Four spiders. In insects, typically retinal information from one neuropil is 
passed to the next in horizontal rows, these rows make complete 180° turns from one level to the next, 
maintain the relationship of an entire row of retinal cells. Maintaining the relationship between 
concurrent retinal cells is useful for processing wide-field or panoramic motion. In spiders, information 
from the laminae are passed to the medullae in discrete chunks. As discussed above, this allows for finer 
resolution of movement within small regions of the visual field, at the cost of wide-field motion 
detection. Spiders that have evolved mushroom bodies but not medullae, Condition Two spiders, are 
web-weaving spiders that do not move around the environment to capture prey; instead they remain in 
one location and wait for prey. Spiders that have evolved medullae in addition to mushroom bodies 
mostly fall into the category of active hunters, such as Salticidae, Lycosidae and Oxyiopidae, that move 
throughout their environment and actively seek out prey. It is therefore possible that actively moving 
spiders may benefit from having the higher resolution possibly provided by the chiasmic chunking in the 
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medullae. Electrophysiological recordings of how motion information is being processed within the 
medullae and histological studies of its retinotopic organization are needed.   
4.4.5 Division of information from the secondary eyes 
 Information from the secondary eyes enter the protocerebrum of the spider through different 
pathways depending on the organization of the optic neuropils (Figure 4.51). In Condition One animals, 
those without medullae and mushroom bodies, secondary eye visual information is passed from the 
lamina directly to the protocerebrum via the secondary eye optical tract (SEOT). In animals with 
mushroom bodies or both medullae and mushroom bodies, it appears that information from the 
secondary eyes pass to the protocerebrum along two separate pathways: one from the lamina to the 
protocerebrum via the secondary eye optical tract, as in spiders without mushroom bodies; and 
secondly from the lamina to the medullae if present, then to the mushroom bodies, and finally to the 
protocerebrum.  Redundancy within a sensory system is not unique to spiders and is seen within the 
visual system of insects (Strausfeld 2012). Without electrophysiological studies, it is very difficult to 
determine how information is being divided between the two systems with any certainty. However, 
there are some organizational clues within the visual neuropils that could point to a possible function for 
the retention of the secondary eye optical tract in spiders that also have medullae and mushroom 
bodies or mushroom bodies alone. In the current study, it does not appear that the chiasmic chunking, 
described in Cupiennius and Salticidae (Strausfeld 2012), is present between the retinotopic lamina and 
the secondary eye optical tract. It is therefore possible that retinotopic information from the lamina is 
being passed by the secondary eye optical tract to the protocerebrum via a complete optic chiasma, as 
seen in insects. This would provide the spider with coarser resolution of movement than the chiasmic 
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chunking might, but would provide the spider with the wide-field motion detection that may be 
prevented by the segmentation of the visual field. In spiders that have a mushroom body but no 
medullae, I was unable to identify whether chiasmic chunking was present between the lamina and the 
head of the mushroom bodies. However, in many of the animals that have medullae and mushroom 
bodies, such as P. audax and C. captiosus, the presence of chiasmic chunking was clearly present. In 
these animals, the retention of the secondary eye optical tract may allow these spiders to maintain the 
ability to process wide-field motion while gaining the added resolution of chiasmic chunking. 
 In all spiders, the secondary eye optical tract appears to terminate on the ventral side of the 
arcuate body, which processes information from the principal eyes and likely integrates visual 
information with information from the spider’s non-visual sensory systems (Barth 2004). Information 
from the mushroom bodies also likely send information to the arcuate body via interneurons. Salticidae 
are the only group currently known whose mushroom bodies also receive information from the arcuate 
body (Strausfeld 2012).  Again, electrophysiological studies could help to identify which aspects of visual 
information are being processed by these two pathways. 
4.4.6 The Arcuate Body 
 The arcuate body is a persistent feature not only across spiders, but across all chelicerate brains 
(Strausfeld 2012). Although it likely serves a function as a third order neuropil of the principal eyes, it 
clearly has additional functions. This can be most simply shown by its presence in the spitting spider, S. 
thoracica, which lacks principal eyes altogether (Figure 4.49). Comparative evidence shows that the 
arcuate body increases in size and elaboration in more agile and fast moving chelicerates (Strausfeld 
2012), indicating that it likely has some function in motor control.  In addition, the arcuate body appears 
to integrate information from both sets of eyes and likely from other sensory systems (Strausfeld 2012, 
 137 
Barth 2004). Electrophysiological recordings, the first of their kind, from a region directly ventral to the 
arcuate body indicate that the region is likely involved in higher order visual processing (Menda et al. 
2014). However, almost nothing is known about the variation in the complexity of its internal layers of 
interconnected nerve fibers, or the level of connectivity to other regions of the brain. The arcuate body’s 
persistent presence across all chelicerates and spiders and its possibly large level of interconnectivity to 
the rest of the central nervous system make it a rich source for comparative and functional studies.  
4.4.7 Space limitations 
 The combining of the head and thorax region within spiders created a very compact and 
complex segment. It sets up a possible trade-off between the size of the central nervous system and the 
size of other structures within the cephalothorax, such as the venom gland, sucking stomach, digestive 
diverticulum, fat stores and muscles. There are physical limitations to how small the cellular 
components of the central nervous system can be and still maintain function (reviewed in Quesada et al. 
2011). In addition, as animals become smaller their brains become larger relative to body size (reviewed 
in Quesada et al. 2011). The need for relatively larger brains is hypothesized to place a metabolic limit 
on how large a brain that a tiny animal can afford to maintain. These limits have led to the idea that 
small animals may have to reduce the size of their brains, and therefore the complexity of their 
behavioral repertoires (reviewed in Quesada et al. 2011). However, there has been no evidence that tiny 
spider have greatly reduced behavior repertoires (reviewed in Quesada et al. 2011). Instead, several 
adaptations for accommodating large brains have been noted.  Quesada et al. (2011) found that very 
small adult spiders, along with spiderlings in several web weaving groups, extend their central nervous 
system into the coxae of the legs and pedipalps. This was also noted by Hill (2006) in juvenile Phiddipus 
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jumping spiders.  In addition, Quesada et al. (2011) found that the cephalothoraxes of spiderlings had 
bulges not seen in adults to accommodate neuronal material.  
Although the Quesada et al. (2011) study looked at a number of different species and 
developmental stages, it only compared the total volume of the central nervous system and did not 
evaluate if there were changes to the relative volume of different regions of the central nervous system. 
Spiders provide an intriguing system to study how size limitations can affect the central nervous 
systems. Extreme sexual body size dimorphism, where the males of the species are tiny compared to the 
females, is common in many spider families, especially orb weavers (reviewed in Hormiga et al. 2000). 
However, even between closely related genera the amount of sexual dimorphism can vary (Hormiga et 
al. 2000). Extreme variation in sexual dimorphism provides an excellent opportunity to examine changes 
in the central nervous systems of animals that have similar behavioral repertoires, but vary in the size 
limitations of their cephalothorax.  In addition to measuring the total volume of the central nervous 
system along a continuum of cephalothorax sizes, evaluating the relative contribution and complexity of 
the different regions within central nervous system could indicate which neuronal systems are being 
maintained even in the face of cephalothorax reduction.  
The current study showcases the variation in neuromorphology found in spiders in the hopes 
that it will encourage more comparative studies of this relatively ignored group of arthropods. In 
addition to morphology, very little is known about the function of the different regions of the spider’s 
brain. Only recently have researchers been able to obtain extracellular electrophysiological recordings 
from the central nervous system of spiders (Menda et al., 2014). This achievement, in combination with 
the expansion our understanding of the internal architecture of the spider’s central nervous system, will 
help illuminate how the spider’s central nervous system has evolved.  
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Figure 4.1 A. Typical spider eye organization. B. Comparison of spider and insect body 
organizations. 
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Figure 4.2 A. The three major divisions of the spider central nervous system. B. 4x 
magnification image of a 100µm section of a crab spider (Xysticus ferox: Thomisidae) 
cephalothorax. C. Comparison of the internal anatomy of a typical insect and typical spider. 
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Figure 4.3 Diagram of the visual processing pathway for the principal eyes. Diagram is based on 
Cupiennius salei (Strausfeld et al., 1993). Blue circles represent nerve cell soma. Blue lines 
indicate nerve fibers. 
 142 
  
Figure 4.4 Diagram of the visual processing pathway for the secondary eyes. Diagram is 
based on Cupiennius salei (Strausfeld et al., 1993). Blue circles represent nerve cell soma. 
Blue lines indicate nerve fibers. 
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Figure 4.5 Diagram of major nerve tracts of the protocerebrum. Diagram is based on Cupiennius 
salei (Babu and Barth, 1984). 
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Figure 4.6 20x magnification confocal image of the deutocerebrum of Nephila clavipes. 
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Figure 4.7 20x magnification confocal image of the subesophageal mass of Kukulcania hibernalis. 
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Figure 4.8 Cell types found in the central nervous system of spiders. A. 20x magnification confocal image of the protocerebrum of Deinopis 
spinosa. B. 20x magnification confocal image of the protocerebrum of Deinopis spinosa. C. 20x magnification confocal image of the 
subesophageal mass of Deinopis spinosa. 
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Figure 4.9 Phylogeny of spiders in study.  Terminals show, in order: the family name, typical body type, eye pattern, web shape and genral notes 
about morphology and behavior.  Phylogeny based on Coddingtion (2005), Ramíez (2014) and  Catalog (2015).
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Figure 4.10 Principal eye visual pathway of Antrodiaetus pacificus (Antrodiaetidae). A. 20x image of the protocerebrum. B. Relative volume of 
the components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
D. Eye diagram for Antrodiaetidae. fiber pathways. D. Eye diagram for Antrodiaetidae.
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Figure 4.11 Secondary eye visual pathway of Antrodiaetus pacificus (Antrodiaetidae). A. 20x image of the protocerebrum. B. Relative volume of 
the components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber 
pathways. D. Eye diagram for Antrodiaetidae. 
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Figure 4.12 Principal eye visual pathway of Hypochilus sp. (Hypochilidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber 
pathways. D. Eye diagram for Hypochilidae. 
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Figure 4.13 Secondary eye visual pathway of Hypochilus sp.  (Hypochilidae). A. 20x image of the protocerebrum. B. Relative volume of 
the components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve 
fiber pathways. D. Eye diagram for Hypochilidae. 
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Figure 4.14 Principal eye visual pathway of Kukulcania hibernalis (Filistatidae). A. 20x image of the protocerebrum. B. Relative volume of 
the components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber 
pathways. D. Eye diagram for Filistatidae. 
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Figure 4.15 Secondary eye visual pathway of Kukulcania hibernalis (Filistatidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber 
pathways. Blue structures represent structures that are likely to be present. D. Eye diagram for Filistatidae. 
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Figure 4.16 Principal eye visual pathway of Pholcus phalangioides (Pholcidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Pholcidae. 
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Figure 4.17 Secondary eye visual pathway of Pholcus phalangioides (Pholcidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Pholcidae. 
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Figure 4.18 Secondary eye visual pathway of Scytodes thoracica (Scytodidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Scytodidae. 
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Figure 4.19 Principal eye visual pathway of Deinopis spinosa (Deinopidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Deinopidae. 
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Figure 4.20 Secondary eye visual pathway of Deinopis spinosa (Deinopidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Deinopidae. 
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Figure 4.21 Principal eye visual pathway of Argiope trifasciata (Araneidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Araneidae. 
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Figure 4.22 Secondary eye visual pathway of Argiope trifasciata (Araneidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Araneidae. 
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Figure 4.23 Principal eye visual pathway of Nephila clavipes (Nephilidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Nephilidae. 
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Figure 4.24 Secondary eye visual pathway of Nephila clavipes (Nephilidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Nephilidae. 
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Figure 4.25 Principal eye visual pathway of Parasteatoda tepidariorum (Theridiidae). A. 20x image of the protocerebrum. B. Relative volume of 
the components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber 
pathways. Blue structures represent structures that are likely to be present. D. Eye diagram for Theridiidae. 
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Figure 4.26 Secondary eye visual pathway of Parasteatoda tepidariorum (Theridiidae). A. 20x image of the protocerebrum. B. Relative volume 
of the components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber 
pathways. Blue structures represent structures that are likely to be present. D. Eye diagram for Theridiidae. 
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Figure 4.27 Principal eye visual pathway of Thanatus formicinus (Philodromidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Philodromidae. 
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Figure 4.28 Secondary eye visual pathway of Thanatus formicinus (Philodromidae). A. 20x image of the protocerebrum. B. Relative volume of 
the components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber 
pathways. Blue structures represent structures that are likely to be present. D. Eye diagram for Philodromidae. 
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Figure 4.29 Principal eye visual pathway of Phidippus audax (Salticidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Salticidae. 
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Figure 4.30 Secondary eye visual pathway of Phidippus audax (Salticidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Salticidae. 
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Figure 4.31 Principal eye visual pathway of Xysticus ferox (Thomisidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Thomisidae. 
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Figure 4.32 Secondary eye visual pathway of Xysticus ferox (Thomisidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Thomisidae. 
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Figure 4.33 Principal eye visual pathway of Agelenopsis sp.  (Agelenidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Agelenidae. 
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Figure 4.34 Secondary eye visual pathway of Agelenopsis sp.  (Agelenidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Agelenidae. 
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Figure 4.35 Principal eye visual pathway of Callobius sp. (Amaurobiidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Amaurobiidae. 
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Figure 4.36 Secondary eye visual pathway of Callobius sp.  (Amaurobiidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Amaurobiidae. 
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Figure 4.37 Principal eye visual pathway of Cheiracanthium sp. (Eutichuridae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Eutichuridae. 
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Figure 4.38 Secondary eye visual pathway of Cheiracanthium sp. (Eutichuridae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Eutichuridae. 
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Figure 4.39 Principal eye visual pathway of Ctenus captiosus (Ctenidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Ctenidae. 
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Figure 4.40 Secondary eye visual pathway of Ctenus captiosus (Ctenidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Ctenidae. 
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Figure 4.41 Principal eye visual pathway of Peucetia viridians (Oxyopidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Oxyopidae. 
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Figure 4.42 Secondary eye visual pathway of Peucetia viridians (Oxyopidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Oxyopidae. 
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Figure 4.43 Principal eye visual pathway Pisaurina mira (Pisauridae). A. 20x image of the protocerebrum. B. Relative volume of the components 
of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathways. Blue structures 
represent structures that are likely to be present. D. Eye diagram for Pisauridae. 
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Figure 4.44 Secondary eye visual pathway of Pisaurina mira (Pisauridae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Pisauridae. 
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Figure 4.45 Principal eye visual pathway Rabidosa rabida (Lycosidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the principal eye visual pathway. Dashed lines represent nerve fiber pathway. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Lycosidae. 
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Figure 4.46 Secondary eye visual pathway of Rabidosa rabida (Lycosidae). A. 20x image of the protocerebrum. B. Relative volume of the 
components of the protocerebrum C. Connection diagram for the secondary eye visual pathway. Dashed lines represent nerve fiber pathways. 
Blue structures represent structures that are likely to be present. D. Eye diagram for Lycosidae. 
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Figure 4.47 Percent of total central nervous mass volume for the three major regions of the brain.  
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Figure 4.48 Percent of total protocerebral volume. 
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Figure 4.49 Percent of total principal eye visual pathway volume. 
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Figure 4.50 Percent of total secondary eye visual pathway volume. 
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Figure 4.51 The four morphological conditions of the secondary eye visual pathway.
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Figure 4.52 Variation in the secondary eye visual pathway of Condition One spiders. 
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Figure 4.53 Variation of the secondary eye visual pathway within Condition Two spiders. 
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Figure 4.54 Variation of the secondary eye visual pathway within Condition Three spiders 
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Figure 4.55 Variation of the secondary eye visual pathway within Condition Four spiders 
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Figure 4.56 Additions and  deletions of neuropils within the secondary eye visual system for spiders in the study.  Red exes indicate a loss or 
reduction of a neuropil. Green pluses indicate a gain of a neuropil. Colors along right margin indicate the morphological condition for the 
spider. Phylogeny based on Coddingtion (2005), Ramíez (2014) and  Catalog (2015).
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Family Name 
(N) 
Protocerebrum 
% of Total 
Volume 
Deutocerebrum 
% of Total 
Volume 
Subesophageal 
Mass 
% of Total 
Volume 
Antrodiaetidae 
(1) 
17.07 9.86 73.06 
Hypochilidae (1) 26.14 11.70 62.17 
Filistatidae (1) 9.55 4.49 85.96 
Pholcidae (1) 18.27 8.84 72.89 
Scytodidae (1) 17.87 6.81 75.32 
Deinopidae (2) 22.85 5.99 71.15 
Araneidae (2) 18.26 6.73 75.01 
Nephilidae (1) 17.14 9.17 73.69 
Theridiidae (2) 19.31 4.51 76.18 
Philodromidae (2) 14.72 5.75 79.53 
Salticidae (1) 42.06 7.55 50.39 
Thomisidae (2) 19.30 9.14 71.56 
Agelenidae (2) 13.38 7.65 78.97 
Amaurobiidae (2) 14.62 9.37 76.01 
Eutichuridae (2) 16.57 9.18 74.24 
Ctenidae (2) 13.71 5.98 80.31 
Oxyopidae (2) 20.99 7.71 71.29 
Pisauridae (2) 15.30 7.46 77.24 
Lycosidae (1) 24.07 6.17 69.76 
    
    
Table 4.1 Relative volumes of major brain regions.
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Family Name (N) Principal Eye  
Visual 
Pathway 
% of 
Protocerebrum 
Secondar
y Eye  
Visual 
Pathway 
% of 
Protocerebrum 
Undifferentiated 
Protocerebral 
Mass 
% of 
Protocerebrum 
Antrodiaetidae (1) 8.84 0.56 90.60 
Hypochilidae (1) 10.78 1.76 87.46 
Filistatidae (1) 5.76 0.81 93.43 
Pholcidae (1) 12.38 1.63 85.99 
Scytodidae (1) 8.10 0.86 91.04 
Deinopidae (2) 7.89 19.55 72.56 
Araneidae (2) 10.08 13.35 76.58 
Nephilidae (1) 10.16 2.32 87.52 
Theridiidae (2) 8.90 1.14 89.96 
Philodromidae 
(2) 
8.74 10.90 80.37 
Salticidae (1) 13.14 41.1 45.77 
Thomisidae (2) 7.27 19.09 73.64 
Agelenidae (2) 11.07 3.44 85.48 
Amaurobiidae (2) 8.64 1.46 89.89 
Eutichuridae (2) 12.25 1.01 86.74 
Ctenidae (2) 10.54 8.79 80.68 
Oxyopidae (2) 6.94 32.75 60.31 
Pisauridae (2) 8.86 17.75 73.39 
Lycosidae (1) 9.08 35.79 55.13 
    
Table 4.2 Relative volumes of protocerebral regions.
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Table 4.3 Relative volumes of the principal eye visual pathway 
 
 
 
 
Family Name 
(N) 
Lamina 
% 
Pathway 
Medulla 
% of Pathway 
Arcuate Body 
% Pathway 
Antrodiaetidae (1) 7.73 6.83 85.44 
Hypochilidae 
(1) 
4.22 2.59 93.19 
Filistatidae (1) 6.08 1.56 92.36 
Pholcidae (1) 0.73 0.00 99.27 
Scytodidae (1) 0.00 0.00 100.00 
Deinopidae (2) 3.20 1.58 95.23 
Araneidae (2) 10.91 5.77 83.32 
Nephilidae (1) 8.94 4.67 86.38 
Theridiidae (2) 6.82 3.61 89.58 
Philodromidae (2) 14.15 7.14 78.70 
Salticidae (1) 29.43 43.93 26.64 
Thomisidae (2) 9.14 9.07 81.79 
Agelenidae (2) 11.88 4.77 83.35 
Amaurobiidae 
(2) 
7.73 4.36 87.91 
Eutichuridae 
(2) 
6.80 5.10 88.10 
Ctenidae (2) 19.39 5.93 74.68 
Oxyopidae (2) 11.41 5.46 83.13 
Pisauridae (2) 20.71 10.67 68.63 
Lycosidae (1) 24.41 6.67 68.92 
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Family Name 
(N) 
Lamina 
% 
Pathway 
Medulla 
% of 
Pathway 
Arcuate 
Body 
% Pathway 
Antrodiaetidae (1) 100.00 0.00 0.00 
Hypochilidae (1) 100.00 0.00 0.00 
Filistatidae (1) 100.00 0.00 0.00 
Pholcidae (1) 100.00 0.00 0.00 
Scytodidae (1) 100.00 0.00 0.00 
Deinopidae (2) 78.45 0.00 21.55 
Araneidae (2) 82.16 0.00 17.84 
Nephilidae (1) 100.00 0.00 0.00 
Theridiidae (2) 100.00 0.00 0.00 
Philodromidae (2) 45.54 30.72 23.74 
Salticidae (1) 57.25 18.07 24.68 
Thomisidae (2) 44.40 32.26 23.34 
Agelenidae (2) 100.00 0.00 0.00 
Amaurobiidae (2) 100.00 0.00 0.00 
Eutichuridae (2) 100.00 0.00 0.00 
Ctenidae (2) 48.82 31.34 19.83 
Oxyopidae (2) 46.33 27.07 26.61 
Pisauridae (2) 57.46 24.70 17.84 
Lycosidae (1) 46.50 23.37 30.13 
 
Table 4.4 Relative volumes of the secondary eye visual pathway. 
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Table 4.5 Presence of neuropils in the protocerebrum. Green plus signs indicate the presence of 
a neuropil. Red negative signs indicate the absence of a neuropil. Blue circles indicate that the 
neuropil was not clearly seen, but could exist. 
  
Family Name (N) Principal  
Eye 
Lamina 
Principal  
Eye 
Medulla 
Arcuate 
Body 
Secondary  
Eye Lamina 
Secondary  
Eye Medulla 
Mushroom  
Bodies 
Antrodiaetidae (2) + + + + - - 
Hypochilidae (1) + + + + - - 
Filistatidae (1) + + + + - - 
Pholcidae (1) + + + + - - 
Scytodidae (1) + + + + - - 
Deinopidae (2) + + + + - + 
Araneidae (2) + + + + - + 
Nephilidae (1) + + + + ⃝ ⃝ 
Theridiidae (2) + + + + ⃝ ⃝ 
Philodromidae (2) + + + + + + 
Salticidae (1) + + + + + + 
Thomisidae (2) + + + + + + 
Agelenidae (2) + + + + ⃝ ⃝ 
Amaurobiidae (2) + + + + ⃝ ⃝ 
Eutichuridae (2) + + + + ⃝ ⃝ 
Ctenidae (2) + + + + + + 
Oxyopidae (2) + + + + + + 
Pisauridae (2) + + + + + + 
Lycosidae (1) + + + + + + 
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Table 4.6 Character matrix for the secondary eye visual pathway. SEOT – Secondary eye optical 
tract. LEN – Lateral eye neuropil.
Family Name Condition Foraging 
Behavior
Diurnal/ 
Nocturnal
Largest pair 
of eyes
Secondary 
Eye Laminae 
Present
Secondary Eye 
Laminae Shape
Three Distinct 
Secondary Eye 
Laminae
Secondary Eye 
Medullae 
Present
Secondary Eye 
Medullae 
Shape
Three Distinct 
Secondary Eye 
Medullae
Pathway of Visual 
Information
Mushroom 
Bodies 
Present 
Mushroom Bodies 
Shape
Antrodiaetidae Condition One Ambush Nocturnal AME Yes Indistinct Mass No No N/A N/A Retina>Lamina>SEOT No N/A
Hypochilidae Condition One Lampshade Web Nocturnal ALE Yes Ovoid Yes No N/A N/A Retina>Lamina>SEOT No N/A
Filistatidae Condition One Ambush Nocturnal ALE Yes Indistinct Mass No No N/A N/A Retina>Lamina>SEOT No N/A
Pholcidae Condition One Sheet Web Dark Habitat ALE Yes Indistinct Mass No No N/A N/A Retina>Lamina>SEOT No N/A
Scytodidae Condition One Hunter/Spitting Nocturnal All Similar Yes Indistinct Mass No No N/A N/A Retina>Lamina>SEOT No N/A
Deinopidae Condition Two Net Casting Nocturnal PME Yes Horseshoe 
Shaped with 
distinct layering
Yes No N/A N/A Retina>Lamina>SEOT 
Retina>Lamina>Mus
hroom Bodies
Yes Very Robust with 
large heads, bridge 
and hasps. Large 
Output neurons are 
visible.
Araneidae Condition Two Orb Weaver Diurnal All Similar Yes Ruffled edge 
around internal 
nerve fibers
Yes No N/A N/A Retina>Lamina>SEOT 
Retina>Lamina>Mus
hroom Bodies
Yes Large head. Bridge 
and Hasp less 
defined than 
Deinopidae. Large 
output neurons are 
visible.
Nephilidae Condition Three Orb Weaver Diurnal AME/PME Yes Ovoid Yes Indistinct N/A N/A Retina>Lamina>SEOT 
Retina>Lamina>Mus
hroom Bodies?
Indistinct Small indistinct 
structure superficially 
similar to mushroom 
bodies
Theridiidae Condition Three Gum foot Tangle 
Web
Nocturnal AME Yes Ovoid No Indistinct N/A N/A Retina>Lamina>SEOT 
Retina>Lamina>Mus
hroom Bodies?
Indistinct Small indistinct 
structure superficially 
similar to mushroom 
bodies
Philodromidae Condition Four Ambush Diurnal All Similar Yes Ovoid Yes - Very Clear Yes Ovoids formed 
of glomeruli
Indistinct Retina>Lamina>SEOT 
Retina>Lamina>Med
ullae>Mushroom 
Bodies
Yes Large head. Bridge 
and Hasp less 
defined than 
Deinopidae. Large 
output neurons are 
visible.
Salticidae Condition Four Hunter Diurnal AME Yes Accordion with 
clear chiasmic 
chuncking to 
medullae
Yes - Lamina are 
more closely 
associated with 
individual eyes 
than in other 
spiders
Yes Large mass of 
small glomeruli
No Retina>Lamina>SEOT 
Retina>Lamina>Med
ullae>Mushroom 
Bodies 
Retina>Lamina>LEN
Yes Very large head 
regions with defined 
bridge, hasps and 
shaft. Bridge small in 
comparison to 
Deinopis. Enlarged 
region of the 
protocerebrum along 
the anteror lateral 
edge of the hasps.
Thomisidae Condition Four Ambush Diurnal All Similar Yes Ruffled edge 
around internal 
nerve fibers. 
More compressed 
than in Araneidae
Yes - Though less 
clear than in 
Philodromidae
Yes Arch of 
glomeruli 
around head of 
mushroom 
bodies
No Retina>Lamina>SEOT 
Retina>Lamina>Med
ullae>Mushroom 
Bodies
Yes
Agelenidae Condition Three Sit and Wait Nocturnal ALE Yes Indistinct Mass No Indistinct N/A N/A Retina>Lamina>SEOT 
Retina>Lamina>Mus
hroom Bodies?
Indistinct Small indistinct 
structure superficially 
similar to mushroom 
bodies
Amaurobiidae Condition Three Sit and Wait Nocturnal All Similar Yes Indistinct Mass No Indistinct N/A N/A Retina>Lamina>SEOT 
Retina>Lamina>Mus
hroom Bodies?
Indistinct Small indistinct 
structure superficially 
similar to mushroom 
bodies
Eutichuridae Condition Three Hunter Nocturnal ALE Yes Ovoid No Indistinct N/A N/A Retina>Lamina>SEOT 
Retina>Lamina>Mus
hroom Bodies?
Indistinct Small indistinct 
structure superficially 
similar to mushroom 
bodies
Ctenidae Condition Four Hunter Nocturnal ALE Yes Fan-shaped. Each 
Lamina is 
surrounded by a  
honeycomb 
structure
Yes - Very Clear Yes Ovoids formed 
of glomeruli
Yes - not as 
clear as 
laminae
Retina>Lamina>SEOT 
Retina>Lamina>Med
ullae>Mushroom 
Bodies
Yes Large head. Bridge 
and Hasp less 
defined than 
Deinopidae. Large 
output neurons are 
visible.
Oxyopidae Condition Four Hunter/Ambush Diurnal AME Yes Arrow-head 
shaped bands 
around a dense 
core of nerve 
fibers
Yes - Very Clear Yes Arch of 
glomeruli 
around head of 
mushroom 
bodies
No Retina>Lamina>SEOT 
Retina>Lamina>Med
ullae>Mushroom 
Bodies
Yes Very large head that 
appears to be 
bisected by nerve 
fibers. Shafts and 
bridge are well 
define. Hasps are 
unusually bulbous. 
Large output neurons 
are visible.
Pisauridae Condition Four Hunter Diurnal PME - only 
slightly
Yes Two anterior 
laminae are 
arrowhead 
shaped. Posterior 
laminae are 
accordion shaped
Yes Yes Arch of 
glomeruli 
around head of 
mushroom 
bodies
No Retina>Lamina>SEOT 
Retina>Lamina>Med
ullae>Mushroom 
Bodies
Yes Large head. Bridge  
less defined than 
Deinopidae. Hasps 
are very large. Large 
output neurons are 
visible.
Lycosidae Condition Four Hunter Nocturnal PME Yes The two largest 
are formed of a 
convoluted band 
of synaptic tissue. 
The smallest is 
fan shaped.
Yes - Very 
different size and 
shape
Yes Glomeruli form 
large mass
No Retina>Lamina>SEOT 
Retina>Lamina>Med
ullae>Mushroom 
Bodies
Yes Very large heads, 
shafts, bridge and 
hasp. Large output 
neurons are visible.
 201 
APPENDICES  
A. PROTOCOLS 
Nair Solution 
1. Mix 1 part Nair Shower Power MAX to 9 parts room temperature 1x PBS. 
2. You must use a magnetic stir bar and mixer set to a high speed. The Nair does not go into 
solution readily and if not mixed properly the sample may not be in contact with a consistent 
concentration of the Nair. 
3. The consistency should be that of thin yogurt. Additional Nair can be added slowly at this 
point to get the proper consistency. The mixture should be thick enough to hold the sample 
from sinking, but thin enough to be easily transferred with a Pasteur pipette. 
4. Do not store, but make fresh. 
 
Embedding Solution 
1. Mix 20 g Gelatin (300 Bloom/ Porcine; Electron Microscopy Sciences, PA, USA) with 10 g 
agar powder (Fisher Scientific, PA, USA) in the bottom of a 250 ml beaker. 
2. Add 1x PBS to bring the total volume to 200 ml. 
3. Using a glass stirrer, stir the solution until the solution has an even consistency. 
4. Let sit for 15 – 20 minutes at room temperature to allow the gelatin to bloom. 
5. Place the beaker into the 60°C water bath and stir until consistency is that of maple 
syrup. There should be no visible lumps. Transfer the solution to 50 ml conical tubes. 
6. Float the tubes in a 60°C water bath for at least one hour before use, overnight is 
preferable. This prevents air bubbles from forming in the embedded tissue. The solution  
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7. should be a uniform color. If the gelatin and agar have separated, gently swirl the 
solution before use. 
8. Prepare enough of the solution to soak the tissue overnight and embed it the next day  
9. Always make fresh. 
 
DiI Staining Protocol 
1. Mix a small amount of DiI crystals (Sigma-Aldrich, MA, USA) into 100% ETOH. The 
amount of crystals used can very without changing the quality of the stain. Use enough 
crystals to achieve a deep pink color. If too much DiI is used, the solution will appear 
cloudy and more 100% ETOH should be added. 
2. Add sufficient distilled water to bring the solution to 70% ETOH.  
3. Steps 4 – 8 should be done at room temperature with gentle agitation. Any solution 
with DiI should be protected from light with tin foil. Once sections are stained, they 
should also be protected from light. 
4. Place sections into 50% ETOH for 5 minutes. 
5. Place sections into 70% ETOH with DiI for 5 minutes. 
6. Place sections into 70% ETOH for 5 minutes. 
7. Place sections into 50% ETOH for 5 minutes. 
8. Rinse sections in 1X PBS for 3 washes of 10 minutes each. 
9. Place sections in 5ml Eppendorf tubes filled with fresh 1x PBS and wrap with tin foil. 
Store sections in the dark overnight at room temperature. 
10. Replace 1x PBS with fresh 1x PBS and store for at least 4 days at 4°C. 
11. Image immediately or store in free floating section storage solution at -20°C.  
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B. LIST OF TERMS FOR THE CENTRAL NERVOUS SYSTEM IN SPIDERS  
I. Protocerebrum – Considered the “brain” of the spider, the protocerebrum is comprised 
of a series of neuropils that form the principal and secondary eye visual pathways and a 
large region of undifferentiated synaptic connections. 
a. Principal Eye Visual Pathway 
i. Principal Eye Lamina – Paired structure. The first retinotopic neuropil for 
the principal eye visual pathway. Accepts input from the principal eye 
optic nerve and sends out puts to the principal eye medulla. 
ii. Principal Eye Medulla – Paired Structure. The second retinotopic 
neuropil for the principal eye visual pathway. Accepts input from the 
principal eye lamina and send outputs to the arcuate body.  
iii. Arcuate Body – Unpaired structure. Ostensibly the third optic neuropil 
for the principal eyes, also receives inputs from the secondary eye 
optical tract and tracts originating in the subesophageal mass. 
b. Secondary Eye Visual Pathway 
i. Secondary Eye Laminae – Paired structure. The secondary eye laminae 
are formed from the three individual lamina of the secondary eyes. The 
division between the laminae may not always be apparent. Accepts 
inputs from the secondary eye optic nerves, sends outputs to the 
secondary eye medullae. 
ii. Secondary Eye Medullae - Paired structure. The secondary eye medullae 
are formed from the three individual medulla of the secondary eyes. 
The division between the medullae may not always be apparent. 
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Accepts inputs from the secondary eye laminae and outputs to the 
secondary eye mushroom bodies. 
iii. Mushroom Bodies – Paired structure. The mushroom bodies are the 
third optic neuropil of the secondary eye. Neuropil is made of a head 
region that accepts the combined inputs from the three secondary eye 
medullae. Medullae input neurons progress from the head to the shaft 
where they branch, sending one branch into the haft and the other to 
the bridge, which connects the two halves of the mushroom bodies. The 
mushroom bodies additionally accept inputs from the subesophageal 
mass. 
iv. Secondary Eye Optical Tract – The secondary eye optical tract is made 
nerve fibers coming from all three secondary eye laminae. It is a direct 
pathway from the secondary eye laminae to the ventral edge of the 
arcuate body.  
c. Undifferentiated Protocerebral Mass – Synaptic tissue of the protocerebrum not 
associated with the neuropils of the principal or secondary eye visual pathways. 
II. Deutocerebrum – Central nervous system region formed by the ganglia of the 
cheliceral, pharyngeal and venom glands. Forms directly posterior to the protocerebrum 
and is often split by the esophageal foramen. 
a. Cheliceral Ganglia – Large output nerves of the chelicera. 
b. Pharyngeal/Venom Gland Ganglia – Large output nerves from the pharyngeal 
region and venom gland, forms one mass within the deutocerebrum.  
 205 
c. Esophageal Foramen – Formed by the protrusion of the esophagus through the 
central nervous system. Typically begins to form in the deutocerebrum and 
closes in the anterior region of the subesophageal mass.  
III. Subesophageal Mass – The largest region of the spider central nervous system. Formed 
by the fusion of the tritocerebrum, the segmental ganglia and inputs from all non-visual 
sensory systems. 
a. Tritocerebrum – Forms directly posterior to the deutocerebrum by the nerves of 
the pedipalp. 
i. Pedipalp Ganglia – Large output nerves from the pedipalps. 
b. Segmental Ganglia – Large fused region formed from the leg, abdominal and 
non-visual sensory system ganglia.  
i. Leg Ganglia – Ovoid shaped synaptic regions formed by the large output 
nerves of the legs. 
ii. Abdominal Ganglia – Nerve bundles at the posterior of the 
subesophageal mass that communicate with the abdomen. 
iii. Non-Visual Sensory Systems – Output nerves from all non-visual sensory 
systems enter the subesophageal mass, typically with nerves for the leg.  
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